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Interfacial delamination has been a concern in electronic package design. During the 
manufacturing and assembly process, high interfacial stress can result from thermal 
loading as the coefficient of thermal expansion varies among the components present in 
an electronic package. Numerical methods had been proven to be very useful in 
improving the understanding of the failure phenomena. The aim of this thesis is to further 
the knowledge on the phenomenon of delamination in IC packages, primarily through 
modeling using the finite element method (FEM). Nevertheless, some experiments have 
also been carried out to verify the numerical results. The findings of the thesis are 
expected to lead to more reliable prediction of delamination in IC packages. 
The investigation can be separated into three parts. The first part of this study utilized 
two-dimensional (2D) linear elastic fracture mechanics to study the effect of die attach 
thickness, die attach properties, die edge and multiple delaminations on delamination at 
the pad/encapsulant interface. Although the die attach layer is separated from the 
pad/encapsulant interface by the pad, a thinner and more compliant die attach helps to 
decrease the risk of delamination. As the number of initial delaminations at the interface 
increases, the likelihood of delamination propagation increases.  
Given that past research focused mainly on 2D analyses, the second part of this study 
extended the analyses into the third dimension. The modified virtual crack closure 
method (MVCCM) which was originally developed for deriving in-plane mode mixity in 
2D is applied on 3D models. Good correlation with analytical results is found. The effect 
of positions of penny-shaped delamination is analyzed through a systematic approach. 
vii 
The results suggest that a penny-shaped delamination is unlikely to remain a penny-shape 
after delamination propagation. Very likely, propagation will first take place at the 
diagonal nearer to the corner of the pad. For the study on corner delamination with 
different shapes of delamination fronts, it was postulated that for a small propagating 
delamination at the pad/encapsulant interface, the delamination is likely to propagate with 
a concave crack front (bulge towards the center) during the initial stages. The postulation 
is compared with experimental observations and satisfactory agreement is observed. 
Parametric study of geometrical effects in IC package is typically performed through 2D 
models. It was found that the conclusion from 2D and 3D parametric study can differ. 2D 
analyses suggest that when border, b (length between the die and pad) is kept constant, 
increasing the package size will not alter the risk of delamination at pad/encapsulant 
interface but 3D parametric analysis highlight that the risk of delamination increases with 
increasing package size. 
In the final part, experimental testing of QFN packages was carried out with the goal 
of studying delamination characteristics and investigating the viability of cohesive zone 
modeling (CZM) in simulating delamination patterns and trends.  A comparison between 
the delamination pattern obtained by experiment and 3D simulation shows that CZM is 
capable of modeling experimentally observed delamination patterns. Additionally, a 
heating rate dependent CZM is proposed to simulate the rate dependent delamination 
behavior. 
viii 
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Chapter 1  
 
Introduction 
Microelectronic devices can be found in almost every engineered product. Their uses 
range from general applications in consumer products to specialized applications in 
medical, aerospace, automotives and military fields. Every industry has its own design 
specifications and requirements. The consequence of failure of microelectronics 
components can range from minor inconvenience in the failure of consumer products to 
life threatening situations in aerospace component failure. The diversity of its design also 
means that the analyses of its failure can be complex and a better understanding of the 
different failure mechanisms is imperative in the prediction and prevention of failure.  
 Before the integrated circuits (IC) can function in an electronic system, the wafer 
must be separated into chips, interconnected and packaged. The IC on the silicon chip 
needs to be connected to other components in order to communicate with other systems. 
Since the circuitries are very fragile, the electronics package has the functions of 
distributing signals onto and off the silicon chip, protecting the circuitries from external 
environment and to ensure effective heat dissipation away from the chip.  
In the manufacturing, testing and operation of the electronics packages, the 
electronics packages are subjected to varying temperature fields which can cause 
different types of failure. Due to the complexity of the electronics package and the 
2 
interplay of a multitude of materials, there are many failure mechanisms which can occur 
at package level, board level or system level. At the package level, failure mechanisms 
such as delamination and electro-migration can occur while solder joints cracking and 
case cracking are common at the board and system level respectively.  
Requirements in different applications of microelectronics have led to complex 
packages that comprise a variety of materials and interfaces interacting together. Failures 
in electronic packages very often originate from thermal stresses arising from internal 
constraints. When a multi-layer structure is subjected to temperature loading, one 
material will expand more than another material.   However, since they are bonded 
together and not free to expand, thermal stresses will be developed. The material that 
expand more will be restrained by the bonded material that expand comparatively lesser, 
causing one material to be in tension while the other in compression. Consequently, this 
means that a multi-layer structure will have thermal stresses even though the structure is 
uniformly heated and free to deform externally.  Due to the difference in the coefficient 
of thermal expansion (CTE) in the IC package, significant thermal stress is built up in the 
package especially at corners when the temperature changes. Very often, the interface, 
being weaker than adjoining materials, is the most likely to fail and delamination is a 
major concern in the electronics packaging industry [1].  
1.1 Delamination Modeling in IC Packages 
Since delamination is a common problem in IC packages, it has been widely studied 
since the 1990s. It is desirable to make use of modeling and numerical methods to study 
delamination as the experimental approach is expensive and time consuming. Simulations 
3 
are especially useful in the design phase where a particular design of the package or a 
suitable kind of material needs to be selected. It is observed that in performing 
simulations, the problem is often reduced to two-dimensional (2D) analyses. This is 
understandable as a 2D analysis reduces the computational resources, computational time 
and the pre-processing and post-processing efforts considerably, and yet it is often able to 
give valuable insights.  
Typically, theoretical solutions are only available for relatively simple structures. For 
typical engineering applications such as the problem addressed in this thesis, numerical 
methods are needed to analyze the mechanical integrity of the structure. Since finite 
element method (FEM) is the focus of this work and is commonly adopted in the 
microelectronics packaging industry, the following discussion is limited to FEM.  
Different approaches can be adopted with FEM to predict failure. The most traditional 
being the stress approach whereby the highest stress obtained from FEM is compared 
among different designs or with the critical stress value obtained from experiment. The 
stress approach is simple but suffers from mesh dependency and, in the case of IC 
packages with many interfaces, it might not lead to clear conclusions. It is highlighted 
that the Von Mises stress approach (i.e. comparing the maximum Von Mises stress 
obtained from the FEM of different designs) cannot reflect the difference between two 
designs for capacitor/silicon die interfacial delamination of a stacked die BGA during 
thermal cycling even when the mesh size is kept constant during comparison [2].  The 
fracture mechanics approach is commonly used since it is less sensitive to mesh size 
changes. More recent works that employed fracture mechanics approach in IC packages 
include Alam et. al.[3] who concentrated on the intermetallic layer of SnPb and lead-free 
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solder joints and Lee et. al.[4] whose focus was on low-k interconnects. Dong and Lee 
(2008)  [5] performed stress analysis using the boundary element method and obtained 
the stress intensity factors near the interfacial delamination at the chip/die pad interface 
using the crack opening displacement method.  Zhai et. al. (2007) [6] studied stress and 
warpage using 3D finite element models. Initial cracks are inserted in the 
underfill/passivation interface and the interlayer dielectrics/etch stop layer in 2D plane 
strain model for the calculation of energy release rate. It is observed that crack driving 
forces in the above cases do not increase with die size.  
To further understand the nature of crack propagation in a plastic package, Hu and 
Tay (2005) [7] investigated the transient variation of the energy release rate (ERR) and 
mode mixity due to thermal stresses, hygrostresses and vapor pressure at the 
pad/encapsulant interface during solder reflow using a 2D finite element plane-strain 
model. The energy release rates resulting from thermal stress and vapor pressure vary 
with initial crack length. Whether the energy release rate resulting from thermal stress or 
vapor pressure is more dominant depends on the initial crack length. Besides, the mode-
mixity associated with thermal stress differs with a change in the initial crack length 
while mode-mixity due to vapor pressure is Mode I dominant and delamination due to 
hygrostress is Mode II dominant. Tay et. al. (2003) [8] investigated a similar problem 
with the use of the boundary element method by embedding initial cracks of different 
lengths and  at several locations. It was found that as the embedded crack approaches the 
center of the package, the ERR decreases. It is postulated that when very small cracks 
near the edge of the pad propagates, the crack tip nearer to the corner will propagate first 
and the propagation will continue until the corner of the pad is reached.  Tay et. al.  (2005) 
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[9] studied the delamination of the pad/encapsulant interface, and using measured 
fracture toughness data, predicted that the critical crack size for a dry package they 
studied was around 0.7 mm.  
Although 2D simulations are performed by many authors, it appears that issues such 
as the effect of multiple delaminations at the same interface. In engineering applications, 
the problem is typically 3D in nature and 3D FEM is a more accurate portray of the 
actual situation. 3D finite element simulations in conjunction with fracture mechanics 
approach appear to be a relatively unexplored area of research. 
In the application of fracture mechanics, a delamination needs to be assumed in the 
analyses procedure. It would be attractive if no crack needs to be assumed a priori, and 
the delamination initiation and propagation phenomenon can be simulated. Sluis et. al. 
(2007) [10] investigated interfacial delamination in Cu/low-k backend structure making 
using of the area release energy method in a multi-scale finite element model. This 
method allows damage sensitivity analysis at different locations and no crack is needed to 
be assumed a priori.  Bhate [11] made use of the stochastic process model to study 
fatigue failure in solder joints. With cohesive zone modeling, Liu et. al. (2003) [12] 
performed a parametric analysis to understand the properties (interface strength and 
interface energy) and vapor effects on interface delamination by incorporating a cohesive 
law (Tvergaard and Hutchinson[13]) at the die attach/molding compound interface and a 
micromechanics model to take into account the vapor-induced pressures along the 
interface. Yang et. al. (2004) [14] coupled continuum damage mechanics with mode-II 
CZM to simulate low-cycle fatigue at solder joints. Towashiraporn (2003, 2006) [15, 16] 
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studied the failure of solder joints in thermal cycling, power cycling and shock impact 
conditions with 3D cohesive zone model. Abdul-Baqi et. al. (2005) [17] embedded 
cohesive laws at the physical boundaries of the solder bumps (between second phase 
inclusions and at interfaces connecting the solder bumps to other parts) and at grain 
boundaries of the same phase in a 2D model. van Hal et. al. (2005) adopted the Smith 
Ferrante exponential type traction separation law [18] in 2D model to study the 
delamination of back-end structure underneath bond pads. Lall et. al. (2007) [19] 
constructed a model with cohesive elements incorporated at the solder joint-copper pad 
interfaces in an attempt to detect dynamic crack initiation and propagation.  Fan et. al.  
(2008) [20]  made use of molecular dynamics simulation to obtained the interfacial 
material behavior of the epoxy molding compound and self-assembly monolayer (SAM) 
coated copper substrate and apply the interfacial behavior on the cohesive elements in a 
tapered double cantilever beam (TDCB) simulation to predict the failure force of the 
TDCB test. Jing (2008) et. al.  [21] studied the effect of impact loading on a single solder 
joint specimen with solder-intermetallic(IMC) and IMC-pad modeled using CZM, it is 
found that the numerically simulated results corresponded well with the experimental 
measurements in that the force vs. time curve are similar for both the simulation and 
experimental results.  
Most of the work is concentrated on 2D numerical simulations. Limited work 
combines both numerical models and experiments. Most of the experiments are carried 
out on simplified geometries such double cantilever beam [20, 22], loaded mechanically 
instead of actual packages. The viability of using CZM to model 3D delamination in an 
actual package is relatively unknown. 
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1.2 Layout of the Thesis 
In this beginning chapter, an overview of the problem is presented, a general 
literature review is performed and the gaps in exiting literature are highlighted. Chapter 2 
looks at the theoretical aspects of the problem and the theoretical foundations related to 
interfacial fracture mechanics that are needed in subsequent analyses of delamination in 
IC package. Some of the issues involved in applying the numerical methods originally 
developed for 2D simulations in 3D simulations are discussed. In subsequent chapters, 
more detailed literature reviews will be covered to explain the motivation behind each set 
of study.  
The main objectives of the thesis can be grouped into 4 categories. 
1) To clarify some of the existing issues with regard to modeling 2D delaminations. 
The impact of the die attach layer, die edge and the interactions of multiple 
delaminations is covered in Chapter 3. 
  
2) To provide a more comprehensive understanding of 3D delamination in IC 
packages. 
Chapter 4 advances the finite element analyses to 3D and investigates the effect of 
location on fracture mechanics parameters of a penny-shaped delamination.  Chapter 5 
focuses on corner delaminations of different crack fronts and the deduced crack front is 
shown to have good correlation with experimental results.  
 
3) To investigate the differences between 2D and 3D delamination studies. 
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3D geometrical parametric analysis is performed in Chapter 6 and it is shown that the 
conclusions drawn from a 3D parametric study can be different from that drawn from a 
2D parametric study. This is in contrast to the common notion that 2D parametric 
analysis is able to predict the risk of delamination in differing package sizes. 
 
4) To explore the capability of CZM in modeling 3D delamination patterns. 
The numerical and experimental study on the delamination pattern of a QFN is 
elaborated in Chapter 7. An experiment is designed and CZM is shown is be capable of 
predicting 3D delamination patterns. Additionally, a heating rate dependent CZM is 
proposed to model the rate-dependent effect of delaminations observed in the experiment. 
 
Chapter 8 will highlight some of the more important conclusions from this work and 
also the suggestions for further work.  
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Chapter 2  
 
The Interface Crack Problem 
In engineering applications, the prediction of failure is important. Very often, the 
mechanical design of an engineering structure involves a determination of stress and 
displacement fields at field conditions, and in combination with a suitable failure 
criterion, a more reliable structure can be designed. For practical applications, it is often 
difficult to determine stress states using a theoretical approach, hence experimental or 
numerical methods are preferred. As modern structures consist of a variety of materials, 
interfaces and designs, the traditional stress approach can be inadequate in the analysis of 
failure.  Moreover, defects which can arise due to the manufacturing process or normal 
operating procedures are unavoidable in many products. Fracture mechanics which study 
the propensity of a crack to propagate can be a viable approach in the analysis of 
engineering designs such as in the design of an IC package. Generally, there are 2 
approaches in fracture mechanics, namely the stress intensity approach and the energy 
approach. The theory behind the two approaches in conjunction with the failure criterion 
with focus on bimaterial interface crack will be further discussed in this chapter. 
2.1 The Energy Approach 
2.1.1 Strain Energy Release Rate 
The energy release rate appears to be one of the most important parameters in the 
energy approach. Griffith’s approach on crack growth is based on global energy balance 
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of the entire system and is one of the earliest attempts to formulate a linear elastic theory 
of crack propagation [23]. In a case of a crack with an area A in a deformation body with 
arbitrary loading, applying the law of conservation of energy gives: 
             (2.1)  
where   is the rate of work done by applied loads,    and    are the rates of changes 
in internal energy and kinetic energy of the body and    is the power expended in 
increasing the crack area. The internal energy can be decomposed into elastic strain 
energy,    and plastic work,    . 
Assuming quasi-static crack propagation, time independence of the applied loads and 









   
 
  






   
  
 





 (2.3)  
Rearranging the equation, 
   











 (2.4)  
The terms on the right hand side (RHS) can often be interpreted as the energy 
required for fracture to take place and can be expressed as  





           . 
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The left hand side (LHS) of equation (2.4) represent the work done by the external force 
minus increase in strain energy can be represented by G. G represents the tendency for 
fracture to occur and it is commonly referred to as the energy release rate (ERR). The 
fracture criterion can be expressed in equation (2.5). The criterion can be interpreted as 
when G is equal to 2  , the crack is in the verge of propagation and when G is greater 
than 2  , fracture is believed to occur.  
      (2.5)  
2.1.2 The J-Integral 
In 1968, Rice[24] came out with a powerful path-independent integral, J which 
describes the energy flow into the crack tip per unit fractured area and is useful for the 
characterization of fracture in nonlinear-elastic materials. In the case of static equilibrium, 
there exists a certain integral which closed path is always equal to 0 for any non-linear 
elastic, planar, homogeneous and isotopic body. 
The J-integral for a cracked body is defined as: 
           
   
   
 
 
   (2.6)  
where          
   
 
 is the strain energy density,          is the traction vector 
on an arbitrary contour Г and ui are the displacement vector components. J-integral is 
essentially path independent, the arbitrary contour can be any shape and size around the 
crack tip that starts from a point on the lower crack surface and ends on any point on the 
upper surface. The significance of its path independent property is that the J-integral can 
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be determined from stresses and displacements at a distance away from the crack tip and 
this is very important for numerical analysis since the accuracy improves as the distance 
from the crack tip increases [23]. J-integral can also be shown to be equal to the strain 
energy release rate, G [23]. In the use of J-integral as the fracture parameter, it should be 
noted that no unloading should occur when using it for materials characterized by non-
linear elastic or deformation theory of plasticity. Moreover, the deformation of the 
cracked body should be small.  
 
Fig. 2.1 An arbitrary contour Г around the crack tip. 
 
The J-integral expression in equation (2.6) is not suitable for numerical analysis since 
contour analysis is not easily calculated in finite element formulation. Area integrals or 
volume integrals are more suitable for finite element analyses. Shih et al. [25, 26] came 
out with the domain integral methodology which provides a framework for efficient 





        
   
   
      
  
   
     
    
 
   
 
   
   
      
  
   
   
   
   
     
  
     
   
   
   
     
 
(2.7)  
where the superscript p denotes plastic, w is the mechanical strain energy which 
definition is dependent on the type of material involved (for elastic material, it is the 
elastic strain energy), q is an arbitrary and smooth function that is equal to unity at Гo and 
0 at Г1, αt is the coefficient of thermal expansion, θ is the temperature relative to a strain 
free condition and Fi is the body force per unit volume. 
 
Fig. 2.2 A closed contour around a crack tip. Picture adapted from [27] 
In the absence of body forces, thermal strains and crack-face tractions, equation (2.7) 
is reduced to: 
        
   
   
      
  
   
  
  
 (2.8)  
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In 3-D, the J-integral becomes: 
 
            
   
   
      
  
   
     
    
 
   
 
   
   
      
  
   
   
   
   
     
  
     
   
   
   
     
 
(2.9)  
where    is the weighted average J over the tube with the length of ∆L (refer to Figure 
2.3) and q=0 at Aends . 
 
     
   




where J(η) is the point wise value of J-integral.  
 
Fig. 2.3 Domain volume, V enclosed by Surfaces Aends, Acracks, S1 and So. Picture adapted 
from [27]. 
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The q function can be interpreted as the normalized virtual displacement to aid 
understanding [28]. Essentially, it is a mathematical device that allows the generation of 
an area integral. The recommendations for the implementation of domain integral 
including the selection of suitable q functions can be found in [25]. Such domain integral 
methods had been implemented in Abaqus for the calculation of J-integrals [27]. 
2.2 Stress Approach 
2.2.1 Bimaterial Interface Crack Tip Fields 
 
Fig. 2.4 A bi-material interfacial crack between 2 isotropic materials 
 
In the case of the bi-material interfacial crack problem, where the crack lies between 
2 isotropic elastic materials (refer to Figure 2.4), there are four material constants. Hence 
the solution depends on three non-dimensional elastic moduli combination, for example 
E1/E2, v1 and v2. Dundurs[29] proved that for 2D static problems without body forces, the 
solution will only depend on 2 non-dimensional combinations of elastic moduli. The 2 
parameters (α and β) can be expressed as: 
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 (2.11)  
   
                 
                 
 (2.12)  
    
  
       
 (2.13)  
where Ei is the Young’s modulus, νi is the Poisson’s ratio,    is the shear modulus, 
         (plane strain),                 (plane stress) and the subscript i=1,2 
refers to the materials belonging to x2>0 and x2<0 respectively.   
The parameter α measures the mismatch of plane tensile modulus across the interface 
and its value ranges from -1 (material 1 is compliant comparing to material 2) to 1 
(material 1 is stiff as compared to material 2). The meaning of the parameter α is more 
revealing in the expression: 
   
       
       
 (2.14)  
where            
    in plane strain and       in plane stress. The parameter β 
measures the mismatch of bulk modulus and             In the case whereby both 
materials are incompressible (ν1=ν2=0.5) and under plane strain conditions, β=0. In the 
case whereby β=0, the stresses at the crack tip are similar to that of a crack in 
homogeneous material, otherwise, complications in the crack tip fields arises and some of 
these complications will be explained later.  
The problem of bimaterial interface crack has been investigated by Williams [30], 
England [31], Erdogan [32] and Rice/Sih [33].  Adopting the notations and definitions of 
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Rice [34] and with reference to Figure 2.4, the crack tip field is a linear combination of 2 
types of singularity (as manifested in 2 different dimensions in the stress intensity 
factors) . With zero tractions prescribed at the negative x1-axis ending at the origin, the 
stress field in the vicinity of the tip of the interfacial crack has the form: 
 
         
 
    
      
       
       
 
    
      
       
       
 
 
    
      
       (2.15)  
where      , KH=K1+iK2 is the in-plane complex stress intensity factor with 
dimension (stress)(length)
0.5-iε
 and K3 is the mode III stress intensity factor of dimension 
(stress)(length)
0.5
.     
  and     
   are dimensionless angular functions and are given by Rice 
et. al. [35] .The parameter ε is the oscillatory index that controls the oscillatory stress 
behavior near the crack tip and can be expressed as: 
   
 
  
   
   
   
  (2.16)  
From the above equation, it can be observed that ε=0 when β=0, simplifying the 
expression of stress field considerably.  
The stress components at a distance r ahead of the crack tip (θ=0) are given as: 
                            
        (2.17)  
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   (2.18)  
where                             .  
 
The displacements at distance r behind the crack tip               
           are given by: 
          
 
               








    (2.19)  









   
 
 
   
  (2.20)  
The strain energy release rate can be expressed as [36]: 
   
 
 
       




    
 
  
    
    









   
  (2.21)  
and  
      
 
         
 (2.22)  
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In the above model, interpenetration of crack faces occurs in the vicinity of the crack 
tip which is physically infeasible. Comninou [37] allow the crack faces to come into 
contact at the vicinity of crack tip and found that ahead of the crack tip (x1>0), only the 
shear tractions are singular while the normal tractions do not display singularity. Behind 
the crack tip, the compressive tractions display a square-root singularity. For most 
problems, the oscillatory behavior is contained in a tiny zone, well within the K-annulus 
[34, 35, 38]. 
Beside interpenetration of crack faces, the oscillatory index posed complications such 




, this is not 
similar to the units of stress intensity factor in homogeneous and the exponent –iε is not 
commonly found in the dimensions of engineering quantity (for example force, pressure, 
power etc.). If one changes the measurement system from MPa and m to MPa and mm, 
the complex value will increase by          and the phase angle will be changed by 
–                . Such a transformation is more involved and less intuitive than a 
physical unit without any oscillatory index. The important implication is that a value of 
KH which is purely real in some system of units (i.e. pure Mode I) will not remain real in 
other unit system hence it is not straightforward to generalized the interpretation of mode 
measure.    For more information, the reader can refer to Rice [34]. 
2.2.2 Mode Mixity of an Interfacial Crack 
A complex number can be written in terms of its amplitude and phase angle and the 
complex stress intensity factor discussed can be expressed as: 
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    (2.23)  
In which ψ* is the “phase angle” or “mode mixity” of KH. The relationship [34, 39] 
between the definition by KH Hutchinson [39] and KR originally presented by Rice [33] is 
                 (2.24)  
As discussed earlier, the dimensions of KH and KR is (stress)(length)
0.5-iε
, the complex 
unit make such definition relatively inconvenient to work with, especially in engineering 
applications. Moreover, Sun and Jih [40] and Yuuki and Cho [41] pointed out that the 
Rice [33] definition of  stress intensity factors will be a function of the measuring unit of 
crack length. 
In Erdogen [32], the stress intensity factors are defined as  
               
          (2.25)  
where lk is an arbitrarily chosen reference length to normalize the distance r. This 
definition is the same as that suggested by Rice [34] and is known as the “stress intensity 
factors of classical type”. Although the stress intensity factors now have the dimensions 
of stress intensity factors of homogeneous materials, (stress)(length)
0.5
 in the case of 
   , the stress intensity factors are not always analogous to that of homogeneous 
material since a characterizing reference length needs to be specified. Using this 
definition, tractions at a distance r ahead of the crack tip (θ=0) is: 
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 (2.26)  
The expression can be further expressed as: 
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   (2.28)  
Using this definition, the displacement behind the crack tip is: 
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where 
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From equation (2.29), 
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(2.31)  
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It is noted that the absolute value of               is independent of the definition 
of stress intensity factor [42], i.e. 
     
     
  
   
    
 
    
 
   
     
 
    
 (2.32)  
The stress-based mode mixity in accordance to equation (2.26), is 
         
        
        
 
    
       
   
  
        
   
   
 
        
 (2.33)  
Tan ψ represents the ratio of the shear mode stress to normal mode stress when r is in 
the vicinity of lk. The relation between 2 different reference lengths can be expressed as 
[34, 38]: 
           
   
   
  (2.34)  
where lk1 and lk2 are the different reference lengths used to define the mode mixities 
           and           . This relation allows one to transform the mode mixity 
obtained from one reference length to the other relatively easily. As an example, when 
ε=0.1, lk2=1mm and lk1=1μm, the shift in mode angle equals to around 40 degrees. 
It is noted that the stress intensity factors in equation (2.17) is equal to equation (2.26) 
when lk=1 and to convert ψ* to ψ, one can make use of the following formula: 
             (2.35)  
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In the work by Yuuki and Cho [41] and Sun and Jih [40], instead of an arbitrary 
reference length, they set lk as the total crack length. Setting the reference length to the 
total crack length appears to be convenient for numerical analyses. Although this choice 
of reference length implies that the mode mixity no longer characterize the local field 
near the tip of the crack, this choice is good for most engineering applications where the 
focus is on using the mode mixity obtained to give an indication of the fracture toughness 
often for comparative purpose.   
2.3 The Fracture Criterion 
In homogeneous, isotropic and brittle material, it is generally observed that a crack 
will propagate in a direction where local mode I conditions dominates. However, in the 
presence of weak planes such as the problem of delamination in an IC package, the 
interface is weaker compared to the surrounding material. For delamination propagation 
at the interface, experiments [38, 43] had shown that interface toughness (Г) which is 
also the critical value of energy release rate (G) needed to advance the crack along the 
interface is a strong function of the mode mixity (ψ). Here, G can be interpreted as the 
energy trying to propagate the crack while fracture toughness is the material resistance 
which counteracts this driving force and can be obtained through experiments. This 
means that if the load is predominantly mode II, a higher G is required to propagate a 
delamination as compared to the case whereby the load is predominantly mode I since the 
material resistance increases with the amount of mode II shear. In terms of mode mixity 
or phase angle, a lower value of ψ usually indicates the presence of a greater proportion 
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of mode I component and correspondingly, a lower fracture toughness value. Hence, the 
determination of ψ becomes important. 
Unlike the case of a crack in a homogeneous medium where the stress intensity 
approach is popular since the critical stress intensity factors can be found in various 
handbooks, the stress intensity approach for bimaterial interface crack is more 
complicated. J-integral which is equivalent to G for elastic materials can be obtained 
from commercial finite element programs. Hence, the energy approach accompanied by 
the stress intensity based mode mixity is favored. The fracture criterion in 2D can be 
expressed as: 
 G=Г(ψ) (2.36)  
While a significant amount of experimental evidence points to the observation that 
the fracture toughness of the interface will increase significantly as the amount of mode II 
increases, experimental evidence pertaining to the influence of mode III component 
appears to be lacking. The absence of experimental evidences is also highlighted in [44, 
45]. Some experimental studies of inter-laminar delamination in laminates suggests that 
the pure Mode III fracture toughness is lower than the pure Mode II fracture toughness 
[46] while others [47] suggests otherwise. In the analyses by Tvergaard and Hutchinson 
[45] on the cut test in which a thin film of polyimide is bonded onto a glass substrate and 
subjected to a cut along a straight line down to the substrate in the presence of equi-
biaxial tensile stress, they found out that the presence of mode III component can both 
increase and decrease the interfacial toughness depending on the mode I and II phase 
angle, ψ.  
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The fracture criterion in equation (2.36) can be generalized to include the mode III 
component as proposed by Jensen [48]: 
            (2.37)  
where         
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(assuming    compared to 1). It is noted that Jensen made use of ψ* in the 
definition of in-plane mode mixity. 
Shih [49] gave a slightly different form of mode III mode mixity, φ and is given by: 
      
    
          
     
 (2.38)  
To give a clearer picture of the meaning of ψ and ф, the angles are equivalent to the 
Euler angles in K-space as illustrated in Figure 2.5. 
 
Fig. 2.5 Illustration of mode mixities in K-space 
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2.4 The Virtual Crack Closure Technique 
As discussed in the preceding sections, the J-integral offers an attractive and robust 
method to calculate the energy release rate even for bimaterial interfaces. For mixed 
mode problems and bimaterial interface problems, it is useful to determine the relative 
contribution of each mode to the total ERR. Since the fracture toughness of the interface 
is a strong function of phase angle, ψ, it would be best if the numerical method is able to 
determine the phase angle.  
Among the various numerical methods, the virtual crack closure method (VCCM) 
originally proposed by Rybicki and Kanninen (1977) [50] is one of the easiest and had 
been used by many researchers as the method enables the user to separate the energy of 
the opening, shearing and tearing mode directly. The method is based on 2 main 
assumptions. 1) The amount of energy release when the crack is extended is the same as 
the work needed to close the crack and 2) The state at the crack tip is not significantly 
changed with infinitesimally small crack extension [51]. It should be noted that in the 
original proposition [50], there is no assumption on the form of stresses and 
displacements. 
For two dimensional problems, assuming that the polar coordinate system has its 
origin at the extended crack tip, the strain energy release rate in its individual modes can 
be expressed as [50]: 
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where         and         are the relative displacements behind the crack front,  
    and     are the stresses near the crack tip and ∆ is the virtual crack extension 
 
Fig. 2.6 Plan view of a 3D crack  
For three dimensional problems (refer to Figure 2.6 for notations), Shivakumar 
proposed [52]: 
    
 
    
                
 
 
    
    
    
 (2.41)  
where σ is the stress distribution ahead of the crack front, V is the total displacement 
behind the crack front, r is the distance normal to the crack front and s is the distance 
along the crack front.. 
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Instead of using stresses, the nodal forces at the finite element nodes are used. The 
finite element mesh needs to be symmetric about the crack plane and the crack front and 
the elements at the crack front should be small with normality of elements maintained [53, 
54]. For 2D 8-node non-singular elements, Raju [55] had come out with a systematic way 
for calculating the ERR and the respective ERR can be obtained from equations (2.42) 
and (2.43). 
     
 
  
               
 
                
 
   (2.42)  
      
 
  
               
 
                
 
   (2.43)  
 
Fig. 2.7 2D 8-noded element, forces at nodes highlighted in red and displacements at 
nodes highlighted in black are required in the calculation of energy release rate 
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Fig. 2.8 Quadrilateral elements with quarter point nodes. The displacements for nodes 
highlighted in black and forces for nodes highlighted in red are required in the calculation 
of ERR using VCCM. 
It is found that shifting the midside nodes of 8-noded element to the quarter point 
positions is able to produce square root singularities at the crack tip. It is observed that 
the modewise ERR obtained from singular and non-singular elements agreed well with 
one another [56]. The ERR for the singular 8-noded elements can be obtained from [55]:  
 
        
 
  
           
        
 
       
        
 
  
           
        
 
       
        
 
    (2.44)  
 
         
 
  
           
        
 
       
        
 
  
           
                








          




      
In equation (2.42) to (2.45), X and Y refer to the nodal forces in the local x and y 
directions, respectively, while u and v refer to the displacements in the x and y directions. 
The superscripts DL1 etc. refer to the upper nodes and DL1’ etc. refers to the lower nodes 
as depicted in Figure 2.8. 
 
Fig. 2.9 20-node solid element (3D View) 
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For 3D analysis, the ERR for 20-node elements can be obtained from equations (2.48) 
to (2.50) [53]: 
 
    
 
   
               
 
                
 
                
 
 
               
 
                
 
   (2.46)  
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   (2.48)  
In equations (2.46) to (2.48) X, Y and Z refer to the nodal forces in the local x, y and 
z directions, respectively, while u, v and w refer to the displacements in the local x, y and 
z directions. The superscripts FL1 etc. refers to the upper nodes and FL1’ etc. refers to 
the lower nodes as depicted in Figures 2.9 and 2.10. 
Although VCCM is able to give some indication of the proportion of the amount of 
Mode I, II and III components, it is found that the mode I/II phase angle, ψ’ (Equation 
(2.49)) does not converge when the mesh size is small compared to the crack size [7, 40, 
56]. This is perhaps attributed to the oscillatory nature of the stresses at the crack tip and 
the development of VCCM is originally for homogeneous materials. However, VCCM is 
proven to be robust and relatively insensitive to the mesh size when adopting it in the 
32 
calculation of the total mode I and II ERR in delaminations situated at a bimaterial 
interface. Since the mode III component is not coupled with the mode I and mode II ERR, 
VCCM should be able to give a good indication of the amount of Mode III component. In 
this work, the mode mixity, ψ’ obtained by VCCM is expressed as: 
        
   
  
 (2.49)  
 
Fig. 2.10 20-node solid element (top view) with lower nodes omitted 
Several ways had been proposed to bypass the problem of non-convergence. One way 
is to introduce a interlayer at the interface and the crack is assumed to exist within the 
interface [56-59]. The interlayer is assumed to be a thin, isotropic and homogeneous layer. 
Such methodology will convert the bimaterial crack problem to a homogeneous crack 
problem hence giving mode-wise ERRs that are independent of element size. To 
implement such method, it is recommended that the Young’s modulus and thickness of 
the interlayer should be identical in the test specimen used to determine the critical ERR 
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and the companion problem [58]. Physically, the interlayer can refer to a thin resin layer 
which can be found between adjacent plies in laminated composites [59], the reaction 
layer or the inter-diffusion zone [60].  The interlayer can also be viewed as an artificially 
introduced layer to aid in the calculation of modewise, mesh-independent ERRs [56, 58, 
59]. Toya [61] proposed that each mode of ERR should be defined as      
    and 
       
    . 
2.4.1 Determination of Mode Mixity 
To solve the problem of the non-convergence of mode mixity with decreasing mesh 
size, Hu and Tay [7] proposed a methodology that is insensitive to mesh size and is 
suitable for delamination in bimaterial interface. The method is based on VCCM and 
bimaterial fracture mechanics. By setting       in equations (2.27), (2.28), (2.30) and 
(2.31) and substituting them into equations (2.39) and (2.40), the ERR is given by: 
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(2.54)  
The integral can be solved using numerical integration and the approximate solution 
is given in equation (2.57) to (2.59). For more information the reader can refer to [62]. 
The mode mixity can be obtained by: 
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 (2.55)  
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 (2.56)  
where           is the ratio of ERR which can be obtained from equation (2.42) and 
(2.43), (2.44) and (2.45) or (2.46) to (2.48) and 
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(2.59)  
in which 
    
      
  
  (2.60)  
    
      
  
  (2.61)  
where 2a is the crack size and the other symbols have meanings as described earlier in the 
chapter. 
Instead of expressing the ERR as equation (2.50) and (2.51), Toya [61] expressed the 
ERR as [63]: 
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where  
   
 
                   
 (2.64)  
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Agrawal (2006) [63] reviewed and extended work relating to the application of 
VCCM to obtain the mode mixity for a bimaterial interface crack. Based on Toya [61], 
Agrawal [63] suggested that the mode mixity can be obtained from the quadratic equation 
(2.70). The mathematics in solving equation (2.70) can be lengthy as the solutions of the 
3 integrals (equation (2.67) to (2.69)) are complicated involving gamma function of 
complex argument [61]. It will be beneficial if a simpler way of solving the integrals can 
be found. Hence, the approximate solution for equation is suggested here as manifested in 
equation (2.71) to (2.73). A comparison of the integral values obtained by numerical 
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Although it is not immediately evident with regard to the relation between MVCCM 
developed by Hu [7] and equation (2.70), the expressions are very similar. Indeed the 
mode mixity obtained using the expressions are in line with each other (refer to Table 
2.1). This suggests that besides equation (2.55) to (2.59), equation (2.70) to (2.73) can 
also be used in the determination of ψ. 
The choice of phase angle in Agrawal (2006) [63] can be best illustrated by the quote 
from the work which states that “the correct к (which is KI/KII) can be ascertained from 
inspection by discarding the one which gives an incompatible ψ” while in Hu (2005) [7] 
the choice of the correct ψ is by equations (2.55) and (2.56). In 3D analyses, where the 
concepts of local axis and global axis comes into the picture and it is important to convert 
global axis displacements and forces to local axis, the criterion is refined in this work as: 
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If the local positive x-axis is in the direction of crack propagation equation (2.55) and 
(2.56) applies and if the local negative x-axis is in the direction of crack propagation the 
opposite is true which can be translated to equation (2.74) and (2.75): 
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 (2.74)  
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 (2.75)  
 
Table 2.1 ψ obtained for different Ro. ∆=5E-7, l=5E-4 and ε=0.06 
Ro 0.0 0.05 0.1 0.5 1.0 5.0 10.0 50.0 100.0 
ψ (Equation 
2.70 to 2.73) 
-35.5 -45.1 -49.9 -67.4 -77.0 82.2 75.8 66.7 64.6 
ψ (Hu [7]) -34.9 -44.9 -49.8 -67.4 -77.0 82.2 75.7 66.5 64.3 
ψ (Equation 
2.70 to 2.73) 
-28.6 -19.0 -14.2 3.3 13.0 33.7 40.1 49.2 51.3 
ψ (Hu [7]) -29.2 -19.1 -14.3 3.3 13.0 33.7 40.2 49.4 51.6 
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Chapter 3  
 
Effect of the Die Edge and Multiple 
Delaminations on the Mechanics of 
Delamination 
3.1 Introduction 
Delamination at the pad/encapsulant interface has been studied by many authors 
using the fracture mechanics approach. Some of the work had been discussed in Chapter 
1. Some of the more relevant studies for this section are that by Tay et. al. [8] and Tay 
and Zhu [64]. Tay et. al.[8] developed a two-dimensional (2D) singular boundary element 
to model stresses of various orders of singularity. From the analyses, it is deduced that 
when very small cracks in the vicinity of the pad corner propagates, the crack tip near to 
the edge of the pad will propagate first and will continue propagating without an increase 
in thermal loading till it reaches the corner before the other crack tip starts to propagate. 
The thickness of the die had insignificant effect on the ERR while the ERR increases 
with an increase with the thickness of the pad [64]. With regard to the mode mixity, a 
thicker pad will decrease the mode mixity. The die attach thickness is normally not under 
consideration for a pad/encapsulant interface delamination since the delamination is 
separated from the layer by a leadframe and the die attach layer is usually very thin. From 
the literature survey, it appears that the effect of die attach thickness (t) and the impact of 
the die edge on a delamination at the pad/encapsulant interface is worth further analysis. 
The objective of the first part of this study is to investigate the impact of t on the ERR 
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and mode mixity of delaminations at the pad/encapsulant interface of varying crack 
lengths that originate from the edge of the pad. From this set of analyses, the impact of 
the die edge on the initial delamination can be determined. The second set of analyses 
consists of a series of initial delaminations of identical length at different locations along 
the pad/encapsulant interface in order to further clarify the impact of the die edge on 
small delaminations that do not originate from the edge of the pad.  
Existing literature often focus on the propagation of one crack which originates from 
the corner of the interface and this is justified by the presence of high stress concentration 
at the corner of the interface. However, in some cases, it is possible for more than one 
crack to exist at the interface. When this happens, it is likely that the cracks will interact 
with one another, causing the crack-tip driving forces to be affected by the presence of 
other cracks. Moreover, multiple small delaminations might exist in the package due to 
manufacturing defects. Literature dealing with multiple cracks appears to be scarce, Liu 
et. al. [65] studied multiple cracks on the small outline integrated circuit. Multiple cracks 
at the die/molding compound interface, die attach and multiple (parallel) cracks in the die 
surface, die attach and die pad are studied. It is found that as the distance between the 
cracks approaches the length of the crack, multiple cracks will result in an increase in the 
ERR when compared to the case of single crack. It appears that the impact of an edge 
delamination on another delamination at the pad/encapsulant interface and the effect of 
the die edge in the presence of multiple delamination is not clear. The third part of this 
work focuses on the interactions of multiple cracks at the pad/encapsulant interface by 
analyzing the ERR and phase angles of different crack tips individually. 
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3.2 Methodology 
In this study, a PQFP package of external dimensions 28mm x 28mm x 3.4mm with a 
8.97mm x 8.97mm x 0.38mm die, and a 10.9mm x 10.9mm x 0.15mm pad (refer to 
Figure (3.1)) is analyzed using Abaqus. The material properties used in the simulation are 
documented in Appendix B. The stress-free temperature is assumed to be the curing 
temperature which is at 175˚C and a temperature loading of either 240˚C or 260˚C is 
applied on the package. The J-integral is obtained directly from the software and 
compared with the ERR obtained from the virtual crack closure method (VCCM).  Since 
ERR alone is insufficient for determining the likelihood of crack propagation as the 
fracture toughness of the system is dependent on the mode mixity, the mode mixity is 
computed through MVCCM as discussed in Chapter 2. Plane strain quadratic elements 
are used and due to symmetry, only half the package (section is taken parallel to an edge 






Fig. 3.1 (a) A PQFP package (b) Cross section of IC Package, all dimensions in mm, not 
drawn to scale 
3.3 Results and Discussion 
First, a series of cases with initial delamination of lengths ranging from 0.2 mm to 3 
mm, starting from the edge of the pad (edge crack) is performed for the case in which t = 
0 as illustrated in Figure 3.2(a). Figure 3.2(b) illustrates the mesh of the package with 
focus on the mesh in the vicinity of the crack tip and the size of element at the crack tip is 





C corresponds to the peak temperature of a pad/encapsulant delamination in 
lead-free solder reflow while 260
o
C is near to the peak of the oven temperature [66]. The 
ERR obtained from the J-integral and VCCM are almost identical, agreeing within 4% 
(Figure (3.2)). This is observed for all the cases analyzed; hence in subsequent results, 
only the ERR obtained from the J-integral will be reported. Observing the trends obtained 
from 2 different loadings, it is found that for both loadings the ERR will increase as the 
length of the initial delamination increases and will reach a peak as the crack tip 








Fig. 3.2 (a) Depiction of the initial delamination (b) Location of delamination and mesh 
of the model (c) ERR at different initial delamination lengths and temperatures 
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3.3.1 Effect of the thickness of the die attach, t 
 
Fig. 3.3 ERR at different initial delamination lengths and die attach thickness, t. 
The thickness of the die attach, t, is varied from 0 to 25µm for a temperature loading 
of 240
o
C, and the results are shown in Figures (3.3) and (3.4). 
 
Fig. 3.4 Phase angle at different initial delamination lengths and die-attach thickness, t 
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Studies have shown that the increase in die attach thickness lead to a decrease in the 
ERR of the delamination at the pad/die attach interface and the die thickness has 
negligible effect on the delamination at pad/encapsulant interface [64, 67]. In contrast to 
the die thickness, die attach thickness has a significant impact on the ERR of a crack tip 
at the pad/encapsulant interface. This is unexpected as the die attach layer is very thin and 
the interface of interest is separated from the die attach by the pad. In the case of short 
initial delaminations (below 2mm) (refer to Figure (3.3)), the increase in die attach 
thickness lead to a decrease in ERR although such effect tapers off with crack lengths 
exceeding 2mm. Since the Young’s modulus of the die attach is smaller than that of the 
die and the pad, it is able to deform more to accommodate to the mismatch in 
deformation between the die and the pad, thereby reducing the stress at the 
pad/encapsulant interface. The impact of the stiffness of the die-attach will be further 
investigated in the following section. From Figure (3.4), the phase angle for die-attach of 
varying thickness is similar to one another, indicating that a thick die-attach is 
advantageous since the ERR obtained for small delaminations is reduced with the 
increase of t. However, increasing the thickness of die-attach will cause a decrease in heat 
dissipation since the die attach is a poor conductor of heat. Hence, a balance should be 
found. 
Another interesting trend is the impact of the die-edge in the presence of die-attach 
with varying thickness. The increase in the die-attach thickness will lead to a decreased 
peak in the vicinity of the die edge, suggesting that the influence of the die-edge on the 
ERR of a crack tip at the pad/encapsulant interface decreases with increasing die attach 
thickness. Although the peak in ERR becomes less prominent in the case of t = 25µm, the 
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maximum value is still found at a crack length of 1 mm where the tip of the crack is near 
the edge of the die. It appears that along border b, the increase in crack length of an edge 
crack results in a larger ERR while under the footprint of the die the trend is reversed. As 
for the mode mixity, the mode I component appears to increase as the die edge is 
approached and subsequently tends towards a stable value when the crack tip extends 
beyond the die edge. 
3.3.2 Effect of the Young’s Modulus of the die-attach 
 
Fig. 3.5 ERR at different delamination lengths with varying Young’s Modulus, E of the 
die attach. 
 
Earlier, it was postulated that the decrease in ERR with increasing t and the 
decreasing influence of the die edge is due to the compliance introduced into the system 
by the die-attach. Hence, the Young’s Modulus of the die-attach is reduced by half and its 
impact on the ERR of initial delaminations of edge cracks of different lengths studied for 
a temperature loading of 240
o
C. It is found that with a very compliant die-attach, the 
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ERR is fairly constant for crack lengths between 0.25 µm to 2.5 µm and the peak at the 
vicinity of the die edge is not so prominent (Figure (3.5)). For initial delaminations 
smaller than 0.4 mm, the ERR with a more compliant die-attach is more than the base 
case, while for initial delminations between 0.4 mm and 2.2 mm the base case appears to 
have higher ERR. Similar to the effect of varying t, changes in the Young’s Modulus of 
the die-attach do not change the phase angle significantly (Figure (3.6)). 
3.3.3 Effect of location of initial delamination 
From the results obtained in the previous section (Figs.3.3-3.4), it can be seen that as 
the length of the edge crack increases, the ERR reaches a maximum while the phase 
angle reaches a minimum as the tip of the crack approaches the edge of the die. It is not 
clear if this trend is due to the increasing length of the crack or to the nearness of the 
crack tip to the edge of the die.  
 
Fig. 3.6 Phase angle at different delamination lengths with varying Young’s Modulus, E, 
of the die-attach 
48 
 
Fig. 3.7 Seven different locations of the 0.2 mm delamination; only the die and the pad 
are shown for clarity 
 
To study the effect of the die edge, a series of cases with an initial delamination of 
crack length 0.2 mm is assumed to be present at various locations along the interface. The 
temperature loading applied is 260
o
C. Since the interest lies in the study of the impact of 
the die edge, the crack length is kept constant at 0.2 mm. A total of 7 cases are studied 
and the crack locations are depicted in Figure (3.7). For each of the crack locations 
analyzed, the ERR and mode mixity at both left and right crack tips are plotted except for 
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location 1 where only the right crack tip (RCT) is plotted since the propagation of the left 
crack tip (LCT) in the horizontal direction will lead to a crack in the molding compound 
(crack kinking) instead of propagation of delamination along the interface.  
 
Fig. 3.8 ERR of different crack tips at varying locations. x=0mm is the edge of the pad. 
 
From Figure (3.8), it is clear that the ERR of the RCT of crack at location 1 is 
significantly higher than the ERR at all the other crack tips. The ERR at both crack tips 
appear to be decreasing consistently as the initial delamination gets further away from the 
corner of the pad, and no observable spike in ERR is observed for crack tips at locations 
3 to 5 which are situated in the vicinity of the die edge. Moreover, for the crack tips at the 
same location, RCT of location 3 and LCT of location 5 and RCT of location 5 and LCT 
of location 6 the ERR for the RCT is always slightly higher than that of the LCT.  
Observing the results for Location 3 where the RCT is below the die edge, the ERR for 
the RCT is lower than ERR for LCT, indicating the influence of the die edge is 
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insignificant. From Location 4 and 5, it is confirmed that the die edge does not result in a 
significant increase or changes in the ERR at its vicinity for initial delaminations of the 
same length. The decrease in ERR is more prominent at the vicinity of the die pad as the 
RCT (and LCT) is shifted from shoulder b (refer to Figure (3.8)) to locations below the 









. No significant change is observed at the vicinity of the 
die edge.  It appears that a combination of an increasing crack length and the presence of 
the die edge are needed to cause the spike in ERR in the earlier analysis. 
3.3.4 Effect of a thinner package 
Here, the thickness of the molding compound above the die and below the pad is 
reduced by half to investigate the effect of a thinner package on the delamination at the 
pad/encapsulant interface (refer to Figure (3.9)). The cases studied are shown in Figure 




Fig. 3.9 Cross section of the thin package, all dimensions in mm, not drawn to scale 
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From the results it is clear that the trends exhibited are similar to the case with a 
thicker package (comparing Figure (3.8) and (3.10)). However, the thinner package will 
lead to significantly lower values of ERR for all cases analyzed. As the phase angle is not 
significantly different (most of the variations are within 10
o
) from the thinner package 
(Figure (3.11)), the thinner package should be less susceptible to delamination at the 
pad/encapsulant interface.   
3.3.5 Effect of 2 Interacting Delaminations 
In the third part of this study, the impact of multiple delaminations is investigated. 
Here, instead of having one delamination at the pad/encapsulant interface, 2 initial 
delaminations at different locations are included along the interface. The edge 
delamination is included in all the cases as it yield the highest ERR. This edge crack will 
be named crack#1. The locations for the second crack, named crack#2 is selected to be at 
the vicinity of the die edge, namely locations 3, 4 and 5, since the die edge is capable of 
causing a spike in ERR in the case of a long edge delamination discussed in the previous 
section. The percentage increase in either ERR or phase angle as compared to the results 
obtained from a single delamination at the respective locations is plotted as they represent 




Fig. 3.12 Percentage (%) increase in ERR comparing cases with single delamination and 
2 delaminations, and ERR obtained from analyses with 2 delaminations. Length of all 
delaminations=0.2mm 
 
Referring to Figures (3.12) and (3.13), it is found that the amplification effect caused 
by 2 interacting cracks is insignificant with both the % increase in ERR and % increase in 
phase angle less than 10%. However, an increase in crack length might lead to a different 
conclusion. Hence the analyses are repeated in which the crack length is assumed to be 
0.4825mm. The locations for the 0.4825mm delamination are shown in Figure (3.14). In 
contrast to the case where the initial delamination is kept at 0.2 mm, a longer crack length 
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Fig. 3.13 Percentage (%) increase in phase angle comparing cases with single 
delamination and 2 delaminations, and phase angle obtained from analyses with 2 
delaminations.  Length of all delaminations=0.2mm. 
 
 
Fig. 3.14 Delamination of 0.4825mm at different locations, only die, die attach and pad 
are illustrated for clarity 
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Apart from the effect of crack length on the magnitude of amplification, similar 
trends are observed. The impact of crack#1 on both the crack tips of crack#2 appears to 
be larger than the impact of crack#2 on crack#1 for all cases studied. However, the ERR 
of crack#1 remains the highest even in the case of location1+location3 where the 
amplification of crack#2 RCT stands at 35%. In all cases, the %increase in ERR for 
crack#2 LCT is larger than for crack#2 RCT and the closer the 2 delaminations the higher 
the %increase. The two observations suggest that the distance between the crack tips can 
be an important factor in the determination of the amplification effect. Unlike the ERR, 
the impact on phase angle of two delaminations is small with all cases less than 10% 
(Figure (3.16)). 
 
Fig. 3.15 Percentage (%) increase in ERR comparing cases with single delamination and 
2 delaminations, and ERR obtained from analyses with 2 delaminations.  Length of 
delaminations = 0.4825mm 
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The interaction of a short delamination (0.2mm) and a large delamination (0.4825mm) 
yield similar results. An edge crack (crack#1) of either 0.2mm or 0.4825mm is assumed 
and crack#2 of either 0.4825mm or 0.2mm, respectively, is placed at either location 3,4,5 
or 6 (refer to Figure (3.17) to (3.20)). It is observed that when crack#2 is located further 
away from crack#1, the difference between the % increase in the ERR of the RCT and 
LCT of crack#2 decreases. For the combination of a 0.2mm crack#1 with a 0.4825mm 
crack#2 at Location 5 and the combination of a 0.4825mm crack#1 with a 0.2mm 
crack#2 at Location 6, the %increase in ERR at the RCT and LCT is approximately the 
same. This can indicate the diminishing influence of crack#1. 
 
 
Fig. 3.16 Percentage (%) increase in phase angle comparing cases with single 
delamination and 2 delaminations, and phase angle obtained from analyses with 2 
delaminations. Length of all delaminations=0.4825mm. 
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Fig. 3.17 Percentage increase in ERR comparing cases with 1 delamination and cases 




Fig. 3.18 Percentage increase in phase angle comparing cases with 1 delamination and 
cases with 2 delaminations (0.2mm+0.4825mm), and phase angle for 2 delaminations 
with unequal length. 
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Fig. 3.19 Percentage increase in ERR comparing cases with 1 delamination and cases 




Fig. 3.20 Percentage increase in phase angle comparing cases with 1 delamination and 
cases with 2 delaminations (0.4825mm+0.2mm), and phase angle for 2 delaminations 
with unequal length. 
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To gather more insight into the problem, the results from 2 delamination analyses 
where crack#1 is kept at 0.4825mm and crack#2 is increases from 0.2mm to 0.4825mm 
are plotted together in Figure (3.21). Here, the impact of the length of crack#2 can be 
assessed.  When the distance between the crack#1 RCT and crack#2 LCT remains the 
same while the length of crack#2 is reduced from 0.4825mm to 0.2mm, the %increase in 
ERR of crack#1-RCT decreases monotonically in all cases supporting the finding that in 
addition to the shorter distance between the crack tips, a longer delamination can 
contribute to the amplification of the ERR at the crack tip.   
Observing the % increase in ERR for crack#2-LCT (Figure (3.21)), it appears that 
the %increase in ERR experienced by a short delamination as compared to a longer 
delamination is higher. Investigating the phase angle, the % increase appears to be 
insignificant with all the cases below 10%. 
 
Fig. 3.21 Percentage increase in ERR, crack#1 length=0.4825mm. 
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3.3.6 Effect of 3 Interacting Delaminations 
In this set of study, the interaction of 3 delaminations is studied. In addition to 
crack#1 and crack#2 at location 1 and location 2 respectively, crack#3 at location 3,4,5 
and 6 is modeled. In Figure (3.22), % difference between the ERR at crack tips with 3 
delaminations and the ERR of a single delamination at respective location is compared.  
With 3 delaminations, the interaction of 3 delaminations on crack#1 is insignificant 
(around 5%) while the impact on the other crack tips is more significant. Since crack#1 is 
relatively far away from crack#3, the change in location of crack#3 does not result in 
changes in the %increase in ERR (Figure (3.22)). 
 
 
Fig. 3.22 Percentage (%) increase in ERR comparing cases with single delamination and 
3 delaminations. ERR obtained from analyses with 3 delaminations are illustrated at the 
secondary axis.   Length of all delaminations=0.2mm. 
 
61 
The closer the proximity of crack#3 to crack#1 and crack#2, the higher the %increase 
in both the LCT and RCT of crack#3. Likewise, as crack#3 is located nearer to crack#2, 
the amplification of the ERR of crack#2 increases. The %increase in phase angle remains 




Fig. 3.23 Percentage (%) increase in phase angle comparing cases with single 
delamination and 3 delaminations. Phase angle obtained from analyses with 2 
delaminations are illustrated at the secondary axis. Length of all delaminations=0.2mm 
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Fig. 3.24 Percentage (%) increase in ERR comparing cases with 2 delaminations and 3 
delaminations. Length of all delaminations=0.2mm. 
 
 
Fig. 3.25 Percentage (%) increase in phase angle comparing cases with 2 delaminations 





























































Fig. 3.26 Percentage increase in ERR comparing cases with 2 delaminations and cases 
with 3 delaminations (unequal lengths). ERR of 3 delaminations are plotted along the 
secondary axis. 
When the ERR obtained from 2 delaminations and 3 delaminations are compared by 
computing the % increase, it is observed that the impact of the crack#3 on the other crack 
tips are small.  It appears that the %increase in ERR of the crack#3 on crack#2 and 
crack#1 are below 10% with the %increase of crack#2 RCT being the highest. This also 
indicates that the presence of an additional delamination has the capability of increasing 
the ERR further. The phase angle remains relatively unchanged. 
A set of analyses that comprise of 3 delaminations of a combination of different 
lengths is performed. Crack#1 and Crack#2 is kept at 0.2mm and 0.4825mm respectively, 
while crack#3 is assumed to be either 0.2mm or 0.4825mm (refer to Figure (326)). The 
distance between crack#1 and crack#2 is kept at 0.1825mm which is smaller than the 
cases presented earlier. The % increase presented in Figure (3.26) and (3.27) are the 
increase due to the presence of the third crack comparing to the case where only crack#1 
and crack#2 is present. Observations that the closer the cracks and the longer the crack 
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length lead to an increase in the amplification of ERR at other crack tips are evident in 
the case of 3 delaminations as well. 
 
Fig. 3.27  Percentage increase in phase angle comparing cases with 2 delaminations and 
cases with 3 delaminations (unequal lengths). Phase angles of 3 delaminations are plotted 
along the secondary axis. 
 
The earlier observation in 2 delamination interaction that a longer interacting crack 
will have more amplification effect is evident in the case where three delaminations are 
present. Although the amplification of ERR at both crack tips of crack#2 is more 
significant than crack#1 and the crack length of crack#1 is less than half the size of 
crack#2 (a shorter crack length will usually lead to a lower ERR), the ERR of crack#1 is 
still larger than all the other crack tips. The change in phase angle caused by crack#3 
remains to be insignificant. 
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3.4 Conclusions 
The effect of the die edge on delamination along the pad/encapsulant interface has 
been investigated. For edge delaminations of different lengths, the ERR will increase 
with crack length and reach a maximum at the die edge. The intensity of the maximum 
ERR is dependent on the thickness of the die attach. With a thicker die attach, a lower 
maximum value is observed at the die edge and the ERR at small crack lengths is 
generally less than the ERR obtained from a thinner die attach. A die attach with a lower 
Young Modulus will also result in a lower ERR at the die edge.  
As for the delamination of identical length at various locations, it is found that the 
ERR at the crack tips of the delamination will decrease significantly as the location of the 
delamination moves away from the edge of the pad. No significant increase in ERR is 
observed in the proximity of the die edge. It is also shown that the decrease in the 
thickness of the package will result in lower crack driving force at the pad/encapsulant 
interface. Since the mode mixity obtained for cases with varying die attach and package 
thickness did not vary significantly, it appears that a thick die attach and a thinner 
package will be more resistant to delamination propagation at the pad/encapsulant 
interface. From all the analyses performed, it is found that for delaminations at different 
locations that do not necessarily start from an edge of the pad, an edge delamination will 
give rise to the highest ERR.  
The presence of more than one delamination at the interface will generally lead to an 
increase in the ERR at each delamination tips. The presence of 2 delaminations lead to an 
increase in ERR as compared to cases with 1 delamination and 3 delaminations will result 
66 
in further increase of ERR as compared to cases with 2 delaminations. This is true for all 
cases studied which comprise of different combinations of big delaminations (0.4825mm) 
and small delaminations of (0.2mm). The amount of increase is dependent on both the 
proximity of respective delaminations and the individual lengths of the interacting 
delaminations. The general trend is that the nearer and longer the delamination, the 
higher the increase in ERR.  Irrespective of the amount of increase, the highest ERR is 
observed at the edge delamination. As for the phase angles, it is found that the changes 
due to the presence of additional delamination does not result in significant changes in 
the values. The combination of the results from ERR and phase angles indicates the 
likelihood of a delamination propagating in the presence of more delamination is higher 
than cases with only 1 delamination. In the presence of more than 1 delamination, no 
significant increase in ERR at the vicinity of the die edge. Hence, a combination of 
increasing crack length and die edge needs to be present for a spike at the vicinity of the 
die edge to occur. 
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Chapter 4  
 
A Numerical Analysis on Penny-shaped 
Delaminations in IC Packages 
4.1 Introduction 
Delamination between the pad and the encapsulant in a PQFP had been widely 
studied. It was established in Chapter 2 that studies on linear bi-material fracture 
mechanics on 3D finite element models appear to be scarce. 2D models are generally 
capable of predicting trends among different package designs and can give valuable 
insights to the problem of delamination in IC packages. However, delamination 
phenomena are generally 3D in nature and can best be analyzed using a 3D model. 
In 2D, an existing delamination is assumed to be able to propagate in 1 direction, 
whereas in 3D, delamination propagation is possible in all directions, resulting in a 
surface that can be of different shapes. The stresses and displacements along the crack 
front or at the crack front are likely to vary when comparing 2D and 3D models. The 
deformation for 2D models is essentially different from 3D models since 2D models can 
bend in one direction only whereas 3D models can bend in 2 independent directions. An 
analysis of the variation of the fracture mechanics parameters along the crack front in a 
3D model is likely to lead to increased understanding of delamination. In 3D modeling, 
different shapes of crack fronts can be analyzed. As penny-shaped delaminations have 
received some attention in the field of 3D fracture mechanics and they can represent 
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defects that are circular in shape or a simplification of delaminations of other shapes, 
penny-shaped delaminations are studied in this work. 
As far as embedded penny-shaped delaminations in IC packages are concerned, no 
thorough analyses have been reported. It is the aim of this study to obtain more complete 
information at the crack front by performing 3D analyses of a penny-shaped delamination 
at different locations. Since a real package is complicated and it is usually impractical to 
obtain the solutions through an analytical approach, the finite element approach is used to 
determine the energy release rate (ERR) and mode mixity along the crack front for 
penny-shaped cracks at different locations on the leadframe pad/encapsulant interface of 
a PQFP. ERR is determined through the J-integral and VCCM approaches while mode 
mixity is determined through the MVCCM approach. 
4.2 Penny-shaped Delamination in Infinite Medium 
Previous applications of the MVCCM had been directed at 2D models [62]. Since it is 
extended and applied to 3D problems in this study, mesh dependence study is performed 
for a penny shaped crack of radius ‘a’ under remote tension σo in an infinite medium. The 
theoretical solution is given in equation (5.1) [68] with the assumption of lk=2a. Instead 
of using an axisymmetric model, a quarter model is analyzed and appropriate boundary 
conditions are applied to simulate symmetrical boundary conditions. It is assumed that 
the upper material is made of copper (E=115GPa, ν=0.35) and the lower material is 
epoxy (E=1.23GPa, ν=0.37). The material properties are similar to the leadframe and the 
molding compound of a typical PQFP. The parameters and attributes of the mesh studied 
can be found in Figure (4.1) and Table (4.1) respectively. 
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Fig. 4.1 Illustration of parameters in mesh sensitivity study, quarter model is shown 
 
Table 4.1 Attributes of the mesh studied 
Mesh (Element Area)/ (Delamination 
Area) 
∆/a t/a 
Mesh a 6.2E-3 0.100 0.196 
Mesh b 4.2E-3 0.100 0.131 
Mesh c 2.8E-3 0.067 0.131 
Mesh d 1.4E-3 0.033 0.131 
Mesh e 6.9E-4 0.033 0.065 
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The difference obtained from the numerical methods and the theoretical results is 
presented in Table (4.2). From the results, it can be observed that VCCM and MVCCM 
give relatively consistent values for the total ERR, ψ and ϕ for the meshes studied and the 
results is similar to the analytical results. The percentage difference between the ERR 
obtained from VCCM and J-integral in comparison to theoretical results are within 3% 
and the difference between the mode mixities (both ψ and φ) obtained from MVCCM are 
below 1.3°. Generally, ψ’ is more sensitive to the changes in Δ and relatively insensitive 
to the changes in t. This indicates that the VCCM is suitable for determining total ERRs 
and MVCCM is suitable for the determination of mode mixity ψ in 3D delamination 
problems. 
Table 4.2 Difference between numerical and theoretical results for penny-shaped 













Mesh a 2.74 -2.42 1.21 21.00 -0.48 
Mesh b 2.48 -2.36 1.25 20.97 -0.32 
Mesh c 1.98 -1.75 0.96 22.31 -0.35 
Mesh d 1.76 -0.82 1.03 25.04 -0.43 
Mesh e 0.81 -0.66 1.06 25.06 -0.22 
 
4.3 The Finite Element Model 
The problem of a penny-shaped delamination in a PQFP is complex and difficult to 
solve analytically. A series of finite element models is created to analyze the behavior of 
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the fracture mechanics parameters along the crack front when subjected to temperature 
loading. Similar to the benchmark test discussed earlier, the commercial finite element 
program, Abaqus is used.  
A 3D model is constructed as it allows for a more accurate portrayal of a situation 
where defects occur in the form of a circular shape which can be encountered during the 
manufacturing process such as when a foreign entity enters the interface. 3D modeling 
also allows one to deduce the mode III component of fracture which effect is not yet 
clearly understood. In the extension of 2D finite element modeling (FEM) to 3D FEM, 
one of the difficulties encountered is that the meshing becomes more complicated and 
time consuming. It will be tedious to create a new mesh for each case studied especially 
where the mesh requirement is stringent. The need for relatively fine mesh size at the 
delamination front makes 3D analyses more demanding. Hence, a systematic method is 
proposed and described below. 
 
Fig. 4.2 Top of the interface depicting the location of initial delamination 
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In all the cases studied, a quarter model is analyzed due to symmetry, and 
symmetrical boundary conditions are applied. The finite element model is divided into 3 
parts (refer to Figures (4.2) and (4.3)), namely the “delamination cell”, “enclosure cell” 
and the “global cell”. The penny-shaped delamination is contained within the 
delamination cell. For each case studied, the mesh in the delamination cell and the global 
cell is kept the same while the mesh in the enclosure cell is changed to accommodate the 
different locations of the delamination. The delamination cell is shifted to different 
locations within the enclosure cell for different cases. The delamination cell is embedded 
in the enclosure cell by the “TIE” function and the two are in turn tied together with the 
package cell. The benefits of using such a scheme are that the creation of the finite 
element mesh is much simplified and the mesh at the most critical region in the vicinity 
of the delamination is kept the same for every case studied so as to eliminate any changes 
due to mesh differences.  
 
Fig. 4.3 3D view of the delamination cell 
A total of 7 cases are studied, 5 cases (case 1,2,3,4 and 7) are along the diagonal 
while the other 2 cases (cases 5 and 6) are along the edge of the pad (Figure (4.4)). All 
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the initial delaminations are assumed to be near to the corner of the pad since 2D plane 
strain analyses indicate that delaminations near the edge of the pad are more critical than 
delaminations nearer to the center of the package under thermal loading. The thermal 
loading applied is from 175°C to 260°C , 20-node quadratic elements are used and the 
material properties for PQFP can be found in Appendix B. 
 
Fig. 4.4 Locations of initial delaminations studied 
 
Fig. 4.5 Positions along the delamination front 
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4.4 Mesh Sensitivity Analysis 
The assumed delamination is relatively small compared to the whole package and the 
mesh in the vicinity of the crack front needs to be sufficiently fine for accurate analysis. 
For 3D finite element analyses, the problem size can get large and the memory capacity 
required can exceed the computational resources available. Here, the influence of the 
meshes is investigated through a global-local approach. The global-local submodeling 
technique is a capability of the Abaqus finite element program that is useful in analysing 
a local part of the model with relatively refined mesh as compared to the global model. In 
this case, the global model consists of the original mesh that comprises the initial 
delamination at position 1 and the local model is taken to be larger than the enclosure cell. 
Node-based submodeling which displacements of the global model are transferred to or 
interpolated onto the boundary of the submodel is adopted. The mesh at the local model 
is refined and the mesh sensitivity is studied. The original model consists of a total of 
93144 nodes, sub-model 1 consists of 204521 nodes while sub-model 2 consists of 
199359 nodes. Portion of the model is captured in Figure 4.6 to illustrate the difference in 
element sizes. It is noted that the global-local approach is not directly employed in the 
study of the impact of positions on the fracture mechanics parameters as the presence of a 
delamination has an impact on the displacement obtained.  
In the VCCM, it is typically required that the element size in front of and behind the 
crack front should be the same. The geometry of the penny-shaped delamination will 
always lead to a difference in size of the area of the element in front of and behind the 
crack front. Wahab [69] presented the “force correction approach” to deal with the 
different element sizes. It is found that the ERR obtained from VCCM with and without 
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force correction and the J-integral coincide for the original mesh. The mode mixity 
obtained coincides as well. 
 
 
Fig. 4.6 Illustration of the mesh for different models 
 
The results are presented in Figures (4.7) and (4.8). Since the ERR and the phase 
angles are relatively close to one another, the original mesh is deemed to be sufficient in 
achieving mesh convergence 
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Fig. 4.7 Effect of mesh size on  ERR vs. position for case 1 
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4.5 Delamination along the Diagonal 
The total ERR is plotted as a function of position along the crack front (refer to 
Figure (4.5)) in Figure (4.9) for the cases where the initial delamination lie along the 
diagonal. As symmetry in package layout is observed along the diagonal, identical J-
integral values are obtained clockwise and anti-clockwise from 225° and 45°.  For all 
cases, 2 local maximums are observed, one at 45˚ and the other at 225˚. Both local 
maximums lie along the diagonal of the package. The global maximum occurs at 225° 
except for case 7. 225° corresponds to the furthest point away from the center of the 
package and the nearest point from the corner of the pad along the delamination front 
hence it resulting in the largest ERR. However, the diminishing influence of the corner of 
the pad and increasing influence of the die albeit separated by the pad might have caused 
the ERR of case 7 at angle 45˚ to be slightly larger than the ERR at 225˚. 
When comparing the local maximums and the percentage difference between the 2 
local maximums among the 5 cases, they decrease monotonically the location of the 
delamination is shifted towards the center of the package (Figure (4.10)). Although 2D 
plane strain analyses are not equivalent to this set of analyses, the trend predicted for 
delamination at different positions is largely similar. Referring to chapter 3,where 2D 
plane strain analyses are studied, the further way the delamination is from the center of 
the package, the higher the ERR.  
For the variation of ERR along the delamination front, an increase in distance from 
the center of the package does not monotonically increase the ERR. This is perhaps 
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attributed to the complex interplay of the influence of the edge, corner of the pad and the 
distance from the neutral point. 
 
Fig. 4.9 Variation of ERR along the crack front for delaminations located along the 
diagonal of the package 
 
It can be observed that the phase angles are symmetrical about 225˚ and 45˚ (Figure 
4.11). This is due to the symmetry in the geometric layout. The phase angle at the vicinity 
of 225˚ is among the lowest except for the transition zones where the phase angle change 
from high values to lower values and then back to higher values. The transition zone is 
relatively small, about the size of an element. Hence, it is likely that propagation of 
delamination will start from the vicinity of 225˚ if the delamination is located sufficiently 
near the corner of the pad given that the ERR is the highest and the mode mixity is the 


































the center of the package will result in a lower phase angle (especially case 4 and 7). 
Hence, it is not straightforward to determine whether a penny-shaped delamination of 
case 4 or case 7 is more critical since the ERR of case4 is about six times than of case 7.  
 
 
Fig. 4.10 ERR at 45˚ and 225˚ for different cases. Secondary axis shows the difference 
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Fig. 4.11 Variation of mode mixity along the crack front for delaminations along the 
diagonal 
4.6 Delamination Offset from the Diagonal 
When cases off the diagonal are studied, namely case 5 and 6 (Figure (4.12)), the 
global maximum shifted away from 225° and the local maximum at 45° becomes less 
prominent. The local minimum at around 135˚ is less distinguishable as the contribution 
from the mode III component in the vicinity of 144˚ increases as the delamination front is 
located near to the edge of the pad. For case 5 and 6, the maximum distance between a 
point along the delamination front and the center of the package no longer lies along the 
diagonal hence the global maximum is shifted slightly away from 225°.  Similar to the 
trends observed for cases along the diagonal, the nearer the delamination is to the center 

































Fig. 4.12 Variation of ERR for cases offset from the diagonal 
 
As for the mode mixity (Figure 4.13), ψ the results are not symmetrical about 225˚ 
and 45˚. With the delamination located off diagonal, the package is no longer 
symmetrical about the diagonal. The mode mixity appear to be among the lowest at the 
vicinity of the maximum of ERR. Hence, it is likely that the propagation of delamination 
will take place in the vicinity of the maximum of ERR which is slightly offset from 225˚ 

































Fig. 4.13 Variation of mode mixty, ψ for cases offset from the diagonal. 
 
4.7 The Mode III component 
The mode III ERR for each case is plotted in Figures (4.14) and (4.15).  From the data, 
it can be observed that instead of 2 planes of symmetry, a total of 4 are observed for cases 
along the diagonal. This means that the mode III ERR obtained at positions clockwise 
and anti-clockwise from 45°, 135°, 225° and 315° are the same.  At the diagonal (45° and 
225°) mode III is always 0. Since mode III corresponds to the scissoring mode and 
symmetry is observed at points along the diagonal for delaminations along the diagonal, 
insignificant mode III component is observed. GIII itself is insufficient as an indicator of 
the proportion of mode III component relative to the magnitude of the total ERR. Hence, 
phase angle ϕ at maximum and minimum points is presented in brackets in Figure (4.14) 





























corner of the pad, the larger the mode III component with the exception of case 2 and 
case 1 where ϕ for case 1 is slightly smaller than for case 2. The peaks for the mode III 
component lies 90° away from the diagonal of the package (at 135˚ and 315˚). For the 
cases that are along the diagonal, the two peaks are similar because of the unique physical 
layout of the package while for cases that are off-diagonal the similarity between the 2 
local maxima ceases to exist. It is observed from case 5 and 6 that the nearer the position 
along the crack front is to the edge of the pad, the higher is GIII. A slight shifting of the 
local maximum of the mode III component is also observed. 
For case 4 which is very near the corner of the pad, large variation of ϕ exists which 
is from 8.9° to 87°. It is currently unclear how  ϕ will affect the fracture toughness of the 
interface and the absence of experimental evidence is also highlighted in [44, 45].  Some 
contradictions in experimental results appear to exist involving Mode III components. 
Some experimental studies of inter-laminar delamination in laminates suggests that the 
pure Mode III fracture toughness is lower than the pure Mode II fracture toughness [46] 
while others [47] suggest otherwise. In the analyses by Tvergaard and Hutchinson [45] on 
the cut test in which a thin film of polyimide is bonded onto a glass substrate and 
subjected to a cut along a straight line down to the substrate in the presence of equi-
biaxial tensile stress, they found that the presence of mode III component can both 
increase and decrease the interfacial toughness depending on the in-plane phase angle, ψ. 
The pure Mode III fracture toughness is at times assumed to be equal to the pure Mode II 
fracture toughness [70, 71]. For the cases along the diagonal, in the extreme case 
whereby the presence of mode III component will significantly reduce the fracture 
toughness of the interface, the propagation of the delamination might start from the 135° 
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and 315° positions instead of at the 45° or 225° positions where the ERR is the highest as 
discussed earlier in the paper. 
 
Fig. 4.14 Variation of GIII along the crack front for cases along the diagonal. Mode mixity, 
φ at local maximums and minimums are shown in brackets 
 
Since the mesh size is kept the same for all cases studied, some insights can be drawn 
by investigating some of the characteristics of the values of GII and GIII calculated. An 
example of the typical pattern of GII and GIII is taken from that of case 1. It is noted that 
similar trends are observed for the cases studied. Unlike GIII where 2 identical peaks are 
observed for the cases along the diagonal, the 2 local maxima of GII are not identical. The 
peak nearer to the center of the package is always smaller than the one nearer to the edge 



































the mode II ERR corresponds to the local minimum of the mode III ERR and vice versa. 
This is perhaps due to the geometric parameters and thermal loading being applied. 
 
 
Fig. 4.15 Variation of GIII along the crack front for cases offset from the diagonal. Mode 

























(83˚ to 87˚) (82˚ to 87˚) 
86 
 




The finite element model described provides a systematic way of analyzing penny-
shaped delaminations at different locations and the mesh used is adequate to achieve 
mesh convergence. For delaminations along the diagonal, the maximum ERR along the 
crack front occurs at the diagonal that is near to the corner of the pad (225˚) except when 
the delamination is located very near to the edge of the die. In that case, the ERR at the 2 
diagonals (225˚ and 45˚) are about the same. Since the mode mixity, ψ in the vicinity of 
225˚ is lower than that at 45˚, it is likely that the delamination will propagate from 
positions near 225˚. When the delamination is located off the diagonal of the package, the 
































vicinity of 225˚ indicating that the start of delamination is likely to be slightly offset from 
the diagonal. In general, the propagation of an existing penny-shaped delamination is 
likely to be non self-similar. A penny-shaped delamination is unlikely to remain penny-
shaped after propagation.   
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Chapter 5  
 
Influence of the Shapes of Initial 
Cracks on the Mechanics of 3D 
Interfacial Delamination 
5.1 Introduction 
In the preceding chapter, the impact of penny-shaped delamination is studied. 
Another area of interest is the influence of corner delaminations since it is likely that a 
delamination would start from the corner due to the presence of stress singularity and the 
corner is the furthest away from the neutral point at the interface. Based on a literature 
survey conducted, it is not clear what the shape of an initial delamination or interface 
crack at a corner will be and how it will change on crack propagation. In order to apply 
fracture mechanics methodology to study the propagation of corner cracks, one needs to 
assume an initial crack. For a 3D analysis, not only is the size important but also the 
shape of the crack as well. Hence it is very important to be able to know what shape the 
initial delamination would take. 
Several authors have recently extended the analysis from 2D to 3D. This is made 
possible with increased computing power and improved meshing capability of 
commercial packages. Typically, the authors assumed a corner delamination. To name a 
few, Machida (2003) [72] made use of the virtual crack closure method (VCCM) and 
virtual crack extension method (VCEM) to obtain the energy release rate (ERR). A short 
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discussion pertaining to the stress intensity factors based on the 3D and 2D VCEM was 
also presented. Kravchenko et. al. (2007) [73] aims to reduce the risk of delamination at 
chip top surface by studying the impact of the Young’s Modulus and coefficient of 
thermal expansion (CTE) of the mold compound and the thickness of both the chip and 
mold cap on the stress intensity factor of a dual small outline package. Stress intensity 
factor was found using the J-integral interaction method and the critical position was 
determined through a quadratic type criterion. Zhen et. al. (2008) [74] studied the effect 
of fillet height and properties (Young’s Modulus and CTE) of the underfill of a flip chip 
package and had concluded that the crack will continue to grow once initiated. A 
comparison of the ERR between 2D and 3D model and the effect of crack sizes and shape 
were also presented. Machida [72] , Kravchenko [73] and Zhen [74] found that ERR was 
the least at the peripheral of the initial interfacial delamination. In contrast, Chen et. al. 
(2008) [75] who studied the delamination at the interface between the silicon die and the 
polyimide of a fan-out package using 3D VCCM finds that the ERR is the lowest at the 
center of the crack front. Beside Machida (2003), all the authors had assumed that the 
initial crack front is concave in shape. None of the authors have justified their assumed 
initial shape of the delamination. 
From the above literature survey, it appears that the shape of the initial delamination 
at interfaces in IC packages and the shape of the propagating crack front are still unclear. 
Although Zhen et al [74] attempted to study the effect of the shape of the initial 
delamination, they did not take into account an initial delamination that is convex in 
shape, which is intuitively the correct one. Experimental result shown in Figure (5.1)[76]  
indicates that within the same package, the shape of the crack front of the initial 
90 
delamination can display different shapes. Since a significant number of researches are 
based on initial cracks that are concave in shape [73-75] and experiments[76] indicate 
that delamination can take the form of a convex, a concave or a straight crack front, this 
chapter aims to clarify the effect the shapes of initial delamination on the ERR and the 
mode mixity so that a better understanding of the influence of the shape of the initial 
delamination on the mechanics of 3D interfacial crack propagation can be attained. 
 
 
Fig. 5.1 Scanning acoustic microscopy image of the interface between the die pad bottom 





5.2 Case studies 
In this study, a PQFP package of external dimensions 28mm x 28mm x 3.4mm with a 
8.97mm x 8.97mm x 0.38mm die, and a 10.9mm x 10.9mm x 0.15mm pad is analyzed 
using Abaqus. The stress-free temperature is assumed to be the curing temperature 175˚C 
and a temperature loading of 260˚C is applied on the package. The model is meshed 
using 20-node quadratic elements and the material properties can be found in Appendix B. 
J-integral is obtained directly from the software and compared with the ERR obtained 
from the VCCM.  Since ERR alone is insufficient for determining the likelihood of crack 
propagation as the fracture toughness of the system is dependent on the mode mixity, the 
mode mixity is computed through MVCCM. MVCCM was discussed in depth in Chapter 
2 and shown to be applicable to 3D cases in Chapter 4. A total of 3 cases are studied. In 
each case, a quarter model is used due to symmetry and symmetric boundary conditions 
are applied accordingly. An initial delamination is assumed to be present in the 
pad/encapsulant interface. The model is shown in Figure (5.2a) and the details of the 
mesh are illustrated in Figure (5.2b). The shape and dimensions of the initial 






Fig. 5.2 (a) 3D model of the package (quarter model) (b) Mesh details of the concave 
finite element model  
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Fig. 5.3 Top view of the package and the location of the initial delamination 
 
Fig. 5.4 Shape and dimensions of initial delamination (all dimensions in mm). (a) Convex 
(b) Concave (c) Straight 
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5.3 Results and discussion 
Figure (5.5) shows the comparison between the ERR obtained from VCCM and the J-
integral. The ERR is plotted against position, where position refers to the location along 
the crack front as depicted in Figure (5.4a). In general, position 0.5 refers to the location 
at center of the crack front while position 0 and 1 refer to the 2 peripherals of the crack 
front. In numerical calculation of J-integral (details can be found in Chapter 2.1), there is 
a need to identify ring of elements for the calculation of the integral. A contour is a ring 
of elements surrounding each node along the crack line that extend from one crack face 
to the opposite crack face and each contour provides an evaluation of the J-integral. A 
contour that leads to convergence needs to be identified. It is observed that J-integral 
converged at the 4
th
 contour (Figure 5.6), hence the J-integral value for the 4
th
 contour is 
presented in this study. As expected, the ERR obtained from the VCCM and the J-
integral are virtually equal in magnitude. Such excellent correlation had been observed 
for all the cases investigated. 
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Fig. 5.5 Comparison of the J-integral and ERR obtained from VCCM for the convex 
crack front 
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The distribution of J-integral for different initial delaminations is shown in Figure 
(5.7). It is obvious that for all the cases, the J-integral is the largest at the middle of the 
crackfront (position=0.5) corresponding to a pseudo crack length of 0.5mm for all the 
cases and tapers off towards the corners (position = 0 and 1). At this position, the convex 
case has the largest J-integral followed by the triangular case and the concave case. To 
further elaborate, this suggests that at an identical pseudo 2D crack length of 0.5mm, an 
initial delamination that is convex in shape will give the highest J-integral hence 
indicating the worst case scenario. Besides, the convex case has the largest variation of J-
integral along the crack front while the distribution for the concave case is relatively 
constant across the crack front. This shows that in addition to the influence on the 
maximum J-integral obtained, the shape of the initial delamination will also affect the 
distribution of J-integral along the crack front. 
Since the ERR for a concave crack front is fairly constant along almost the entire 
crack front, it would appear reasonable to suggest that when the temperature (load) is 
increased until the crack propagates, the concave crack front will be maintained during 
the crack propagation. If the initial crack front were convex and the load increased until 
the crack propagates, the portion of the crack front at the diagonal will propagate first 
since ERR is highest there, tending to flatten the crack front. Since the ERR of a straight 
crack is also highest at the diagonal, it would appear reasonable to speculate that the 
straight crack front will tend to transit into a concave shape. The above observations 
would tend to suggest that at least for the initial crack propagation from a delamination at 
the corner of the pad/encapsulant interface, the crack front is concave. This implies that a 
delamination with a concave crack front is the most probable case for a small propagating 
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delamination. A closer observation of Figure (5.1) [76] indicates that half of the 
delaminations are concave in shape, ¼ of the delaminations is convex in shape and the 
remaining ¼ display a straight crack front. Statistically, the majority of the delaminations 
display a concave crack front. The presence of the convex crack front in the package can 
be attributed to the uneven fracture toughness distribution along the interface. 
 
Fig. 5.7 J-integral along the crack front for convex, concave and straight crack front 
 
Figure (5.8) [77] shows the scanning acoustic microscope (SAM) image of the 
delamination at the die/encapsulant interface. From Figure (5.8), it is evident that the 
delamination is concave in shape which is a highly probable shape of crack front 
according to the current analyses. Although the interface captured in the SAM differs 

































delamination should be similar since for both interfaces, the corners are embedded in the 
encapsulant. This experimental result is further confirmation of the hypothesis that the 
shape of a propagating delamination at the corners of pad/encapsulant and 
die/encapsulant interfaces is concave. 
 
Fig. 5.8 Acoustic microscopy image of the interface between the die and the Encapsulant. 
 
At a pseudo crack length of 0.5mm which corresponds to the position at the diagonal, 
an initial delamination of a convex shape yield the highest J-integral and is around 25% 
more than that of a concave case. Generally, a significantly lower J-integral is obtained 
for 2D models when compared to the 3D models (for 2D models, refer to Chapter 3). The 
highest J-integral of the 3D convex case is around 3 times that of the values obtained for 
2D models while the J-integral of the other two 3D cases is around 2.5 times of the 2D 
model. The deviation of J-integral of a 2D model from a 3D model is possible as in a 2D 
plane strain model, one is assuming that the initial delamination of a rectangular strip 
extends across the whole package and this is intrinsically different from all the 3D cases 
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that are studied here. On further investigation of the J-integral at the peripheral of the 
crack front (position 0 and 1) in Figure (5.7) for the convex and concave cases, the J-
integral at these locations are relatively close to the J-integral obtained for the 2D 
horizontal model. 
 
Fig. 5.9 Mode mixity along the crack front 
 
As discussed earlier, mode mixity is an important parameter in the determination of 
the possibility of crack propagation. It is found that the mode mixity across the crack 
front is relatively constant for all the 3D cases. This implies that for each of the cases 
studied, the center of the crack front is most likely to propagate first with each shape of 
the crack front propagating in a way as described in preceding section. At the position 0.5, 
the highest mode mixity is obtained from the straight case which is around 69
o





























lowest is from the concave case which is around 61
o
. Generally, a higher mode mixity 
will correspond to a higher fracture toughness. Since the difference in mode mixity 
between the convex, straight and concave crack fronts is smaller than 8.5
o
, it is highly 
probable that the fracture toughness for all the 3 cracks is about the same, and that the 
initial delamination that is convex in shape is more likely to propagate as compared to the 
concave case. 
 
Fig. 5.10 Components of ERR obtained for the convex crack front. 
 
GI, GII and GIII represent work done by the normal and shear tractions as the crack 
advances, and have been used by the composite committee [78] and by some authors [79] 
in the characterization of the fracture toughness of the interface. Moreover, it gives 




































ERR obtained from VCCM is shown in Figures (5.10) to (5.12). For all the cases, the 
dominant ERR is GII while GI is relatively small. However, in the convex and concave 
cases, GIII increases towards the end of the delamination. The proportion of the mode III 
component is more significant for the concave case as compared to the other two cases. 
 
 




































Fig. 5.12 Components of ERR for the concave crack front 
 
5.4 Effect of the area of initial delamination 
In addition to the above cases, the area of initial delamination was varied for the case 
of the concave initial delamination in order to find out the way in which the distribution 
of the ERR will vary. The results are presented in Figure (5.13). From the results, it can 
be deduced that the distribution of the ERR remains relatively unchanged for the initial 
delamination radius of 0.3mm to the initial delamination radius of 0.66mm. There is a 
slight change in distribution of the ERR for the case with a radius of 0.8mm and a 
significant change in distribution when the radius of initial delamination is increased to 
1mm. This is likely due to the effect of the die. As the crack front approaches the bottom 
of the die corner (despite being separated by the pad), die effects come into play causing 



































Fig. 5.13 Variation of the J-integral along the concave crack front for different initial area 
of delamination 
 
The mode mixity for cases where the radius of the concave delamination is equal to 
0.5mm and 1mm are presented in Figure (5.14). It is observed that the difference between 
the largest mode mixity and the smallest mode mixity along the crack front for the 1mm 
case is less than 8 degrees and the difference between the 0.5mm case and the 1mm case 




































Fig. 5.14 Variation of mode mixity along the concave crack front for different initial area 
of delamination 
5.5 In the absence of the die 
Additional simulations were performed to determine the way in which the absence of 
the die will affect the distribution of the J-integral. Here, the die in the package is 
removed and the volume is replaced by the molding compound. A total of 4 different 
crack fronts are studied. The 4 cases include 3 cases with crack fronts shown in Figure 
(5.4) and a case where the radius of the concave crack front is increased to 1mm.  
Comparing the results without the die (Figure (5.15)) and with the die (Figure (5.7)), it is 
found that the die has the effect of increasing both the overall J-integral and variation of 
J-integral along the crack front. However, the variation of the J-integral among different 
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integral for the convex case remains the most pronounced, followed by the straight case 
and lastly, the concave case.   
 
Fig. 5.15 Variation of J-integral along the crack front for cases without the presence of a 
die. 
 
Comparing the results of the concave crack front with a radius 1mm in Figures (5.13) 
and (5.15), the significant change in distribution of the J-integral at the diagonal (in 
Figure (5.13)) is absent without the presence of the die (in Figure (5.15)). Hence, the 
earlier postulation that the significant change in distribution of the J-integral when the 
radius of the concave crack front is increase from 0.8mm to 1mm is attributed by the 
approach of the die corner appears to be valid. Besides, the J-integral for the 1mm case is 
lower than the 0.5mm. This seems to suggest that without the die, the propagation of the 
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Fig. 5.16 Variation of mode mixity for cases without the presence of the die 
 
It appears that the die does not have significant effect on the distribution of mode 
mixity along the crack front except for the concave crack front with a radius of 1mm. 
This can be attributed by the increased influence of the die as the corner of the die is 
approached by a crack front.  
5.6 Correlation with Experimental Results 
To give additional confidence to the hypothesis that the propagating crack front is 
likely to be concave in shape and remains concave at the initial phases of crack 
propagation and the methodology that is employed in this study, similar analyses are 



























conditions. A 3-D quarter model of TBJ geometry that is altered to mimic embedded 
corner singularity in an IC package is modeled and analyzed in Abaqus© to determine 
the distribution of J-integral and mode mixity along the crack front when a displacement 
loading of 0.5mm is applied in the vertical direction. The numerical model is similar to 
the experimental set-up reported in [80] and the singularity present in such set-up is 
similar to the cases studied in the earlier section.  
The adherents are made of 6061 T6 Aluminum with a height of 38.1mm, the square 
adherent has a cross-section of 25.3mm by 25.3mm and the round adherent has a 
diameter of 50.8mm. The details of the model are shown in Figure (5.17). The material 
properties and the thickness of the underfill and passivation layer are shown Table (5.1). 
The cases studied include an initial crack front of a concave and a convex shape with 




Fig. 5.17 (a) 3-dimensional depiction of the model (b) dimensions of the underfill and 
passivation (c) zoom-in view of the area highlighted in (a). 
Table 5.1 Material Properties (Tensile Butt Joint) 
Component Adherent Underfill Passivation 
Thickness (um) - 250 15±5 
Poisson’s Ratio 0.33 0.3 0.34 
Young’s Modulus (GPa) 68 9 2.9 
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Fig. 5.18 Variation of the J-integral along the crack front for the tensile butt join 
 



























































Fig. 5.20 Experimental results of the tensile butt joint experiment with embedded corner 
 
From the results obtained (refer to Figure (5.18)), it can again be observed that the 
distribution of the J-integral along the crack front for the concave case exhibits lesser 
variation than the convex case. The J-integral for the concave case remains constant for a 
significant portion along the crack front. Analyzing the mode mixity, it is observed that 
the variation is more than that observed in earlier cases whereby temperature loading on a 
PQFP is observed. However, for the tensile butt joint, the loading is predominantly mode 
I and the increase in fracture toughness for a bimaterial interface is usually less 
significant for a predominantly mode I case. Hence, the increase in fracture toughness 
over the range of mode mixity observed in the analyses is likely to be not as significant as 
the increase in energy release rate. The variation of J-integral observed in the analyses of 
the TBJ is similar to earlier analyses on the PQFP. This suggests that for the convex case 
since the J-integral near the center of the crack front is significantly higher than other 
regions, it will propagate first. Upon propagation of the region near the middle of the 
crack front, middle of the delamination will flatten and tend towards a concave shape. 
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From the experimental results reported in Pearson and McAdams [80] (Figure (5.20)), it 
is observed that the typical delamination is concave in shape.  
5.7 Open and Embedded Corners 
From the above analyses, it appears that for a delamination at the pad/encapsulant 
interface of a PQFP, the delamination is likely to be concave in shape and remains to be 
concave at least at the initial phase of propagation. The suggestion is compared with 
various experimental results and experiments appear to support the above findings. The 
experimental results from Pearson [80] show that the delamination front is concave in 
shape and this is the same as the conclusion that we have drawn from fracture mechanics 
analyses of a PQFP. However, the crack driving mechanism in both cases is different. 
The mode of loading in Pearson’s experiment is predominantly Mode I or tensile in 
nature although shearing is also introduced through the Poisson’s ratio while the mode of 
loading in a PQFP is shearing (Mode II and III) in nature. The crack driving force in 
Pearson’s experiment is purely mechanical while the crack driving force in the PQFP is 
purely thermal. A similarity between the two is that both corners are embedded. It 
appears that the impact of the type of corner, i.e. whether open or embedded (elaborated 
below), on the most probable shape of delamination front is an open question. 
In 2D analysis, it is possible to model an open edge or a closed edge. In addition to an 
open or closed edge, in 3D analysis it is possible to model an open corner or an 
embedded corner. The difference between an open corner and an embedded corner is 
illustrated in Figure (5.21). Embedded corners can be found at the die/encapsulant 
interfaces of a PQFP while open corners can be found at encapsulant/substrate interfaces 
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of a plastic ball grid array (PBGA) (Figure (5.22)). The stress state at an open and 
embedded corner is different and this can have an impact on both the shape of 
delamination and the critical load of delamination initiation and propagation. In this 
section, the set up of the Pearson experiments are modeled using 3D finite element 
analysis with dimensions and loading similar to those describe in section (6.6). Both open 
corners and embedded corners are studied (refer to Figure (5.21)). 
 
Fig. 5.21 Illustration of open and embedded corner 
 
 




5.7.1 Open corners with delamination of 0.5mm 
When the size of initial delamination is kept at 0.5mm for the open corner case, the 
distribution of the ERR along the crack front for the convex case is such that the ERR 
increases from the edge and reach the peak at the center of the delamination (Figure 
(5.23)). The peak ERR is around 4 times the ERR at the edge. The variation of mode is 
around 14°. As for the concave case, the ERR is relatively more uniformly distributed 
along the crack front than the convex case. The mode mixity is relatively constant for the 
concave case (Figure (5.24)). This suggests that in an event of crack propagation of a 
small crack in an open corner, the crack front is likely to be concave in shape. Although 
more variation in mode mixity is observed for the convex case, since the loading is mode 
I in nature and if the fracture toughness does not increases more than 4 times over a range 
of 14° (the increase in fracture toughness is normally not as steep in the mode I regime), 
it appears that the center of the convex crack front will propagate first and that a concave 
crack front can result. The concave crack front is likely to propagate uniformly since both 
the ERR and mode mixity is uniform along the crack front. The conclusion drawn from 
the open corner analyses is similar to the one drawn from embedded corner analyses 
presented earlier.  
114 
 
Fig. 5.23 J-integral of concave and convex delamination in embedded and open corners, 
plotted for delamination of 0.5mm and big delamination of 3mm. 
 










0 0.2 0.4 0.6 0.8 1 1.2 
Concave, J 
Convex, J 
Concave (Big), J 
Convex (Big), J 
Concave (Big,Embedded), J 
















































5.7.2 Open corner with delaminations of 3mm 
The size of the initial delamination may affect the distribution of ERR. Hence, the 
size of initial delamination is increased to 3mm. With a larger initial delamination, the 
maximum ERR is no longer at the center of the crack front for the concave initial 
delamination, instead the ERR decreases as the center of the crack front is approached 
with the ERR decreases by more than 30% (Figure (5.23)). The variation of mode mixity 
along the crack front is in the range of 5°.  With the mode mixity at predominantly mode 
I, this seems to suggest that the periphery of the crack front will propagate prior to the 
propagation of the middle of the crack front. Following the argument, it appears that the 
likelihood of a concave delamination propagating to a less concave or even a convex 
crack front is probable. The interpretation of results obtained with a convex delamination 
is not straightforward. The ERR shows a peak near the vicinity of the center of the crack 
front but with a dip at the very center of the crack front while the mode mixity varies in 
the range of 10°. It appears that the center of a convex crack front will propagate first in 
preference to the peripheries of the crack front. Following the analyses of both the 
convex and the concave crack fronts of a 3mm delamination at an open corner, it appears 
that for a bigger crack, the crack front can have a shape between concave and convex.  
5.7.3 Comparing 0.3mm delamination for open and embedded corners 
The main difference between a big delamination at an open corner and that at an 
embedded corner can be obtained by analyzing with the results for a concave 
delamination. With an embedded corner, the ERR is relatively constant across the crack 
front with mode mixity variation within 10° (Figure (5.23) and Figure (5.24)). This 
implies that unlike an open corner, the embedded corner delamination in this set-up is 
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likely to propagate with a concave shape. The conclusion drawn is that for an embedded 
corner delamination, the likelihood of it propagating in a concave shape is much higher 
than that of an open corner delamination. This leads to the postulation that an open corner 
is more likely to give rise to non-concave crack fronts while an embedded corner in 
general is more likely to give rise to a concave crack front.  
5.7.4 Correlation with experimental results for delaminations at open 
corners 
From the experimental results (Figure (5.25)), the delamination for the open corner 
appear to be concave in shape at the initial stages of delamination. Then, the crack front 
becomes less and less concave. This is consistent with the simulation results that it is 
likely for a delamination at an open corner to deviate from the concave shape as it 
propagates.  
 
Fig. 5.25 Experimental results taken from [80] for an open corner 
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For all the cases studied, the ERR of the open corner delamination is generally higher 
than the ERR of an embedded corner. The mode mixity for the open corner delamination 
is lower than that of an embedded corner delamination, indicating lower fracture 
toughness. The combination of these 2 factors suggests that a delamination at an open 
corner will propagate at a lower load compared to an embedded corner delamination. It is 
found in the experiments [109] that an embedded corner will fail at a higher load 
compared to the case with an open corner. This shows that the methodology used in this 
study is capable of predicting the general trends observed in experiments. 
5.8 Experimental results with flip chips 
It will be useful if more experimental evidences of the shape of corner delamination 
in electronics packages under temperature loading can be found. Experiments are carried 
out to investigate the initiation and propagation of delamination at the die/underfill 
interface of flip chips under thermal loading. The samples are prepared in a clean room. 
Glass wafer is diced into sizes of 10mm by 10mm, 15mm by 15mm and 25mm by 25mm 
while PCB is cut using PCB cutter into sizes of 50mm by 50mm. After cutting, the PCBs 
are baked at 125˚C for 12 hours to remove moisture. All the specimens are cleaned using 
isopropyl alcohol and plasma cleaner. Impurities are also removed using compressed air 
and lint-free cloth.  
The liquid underfill (EPO-TEK H70E) is dispensed onto the PCB substrate using an 
underfill dispenser. After which, the glass die is placed on top of the dispensed underfill 
using a flip chip bonder. The underfill will spread towards the periphery of the die. The 
assembly is placed in a hot air oven and heated up to 150˚C to cure the underfill. The 
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procedure of the preparation of samples is illustrated in Figure 5.26. The resulting sample 
consists of 3 layers and is shown in Figure 5.27. Since the underfill overflow over the 
edge, an embedded corner is resulted. 
 
Fig. 5.26 Preparation of flip chip sample, in plan view 
 
  
Fig. 5.27 (a) Flip chip sample (b) Cross-section view of the flip chip sample 
 
The assembly is placed on a hotplate and the temperature of the hotplate is increased. 
As the temperature increases, delamination is initiated and the delamination process is 
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recorded. The experimental set-up is similar to the one shown in Chapter 7. 
Representative results are shown in Figure 5.28. No initial delamination had been created. 
For samples in which the delamination originated near the corner of the die (for example 
Sample A,B and C), the delamination front are near to a concave shape. None of the 
samples show a convex shape. There is asymmetric delamination propagation for the 
samples investigated, this is most likely attributed by the difficulty involved in 
maintaining a constant (bondline) thickness of the die attach layer. It is found that for 
some samples, the delamination did not occur in the vicinity of the corner (for example 
Sample D). This can be attributed by the uneven adhesion properties at the interface of 
the samples or small voids that are present at the interface. 
 
Fig. 5.28 Representative delamination initiation and propagation results of experiments 
with flip chips, dimensions are in mm 
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5.9 Conclusion 
From the J-integral and the mode mixity obtained from this study on a PQFP, it can 
be concluded that an initial delamination of a convex shape will yield the highest ERR 
among the different likely shapes of the initial delamination. The highest ERR in all the 
cases is at the middle of the crack front and since the mode mixity is relatively constant 
along the crack front, this implies that if the crack propagates, the middle of the crack 
front will propagate first. Upon crack propagation, the curvature of the crack front at the 
region around the middle of the crack front is likely to decrease, tending towards a 
straight crack front. For a straight crack front, the ERR is still highest and the mode 
mixity still relatively constant at the center of the crack front, suggesting that the straight 
crack front will further propagate towards a concave shape. For a concave crack front, the 
ERR and mode mixity is practically constant over most of the crack front, and this 
characteristic is maintained as the radius of delamination is increased. The above 
observations suggest that for a delamination at the corner of the pad/encapsulant interface, 
the propagating crack front is likely to be concave and remain concave, at least for the 
initial phases of crack propagation. Also, as the crack front approaches the corner of the 
die, the die will cause a significant increase in the ERR at the center of the crack front. 
The postulation is compared with experimental results and good correlation is 
observed. It appears that for the cases studied, a delamination located at either an 
embedded and open corner is likely to be concave at the initial stages of delamination 
propagation. As the delamination propagates, the likelihood of a delamination located at 
an open corner propagating to one that is less concave (more convex) is higher than that 
of a delamination located at an embedded corner. 
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Chapter 6  
 
3D Parametric Analysis: Influence of 
Geometric Parameters 
6.1 Introduction 
Parametric analyses that involved the variation of geometric parameters are often 
carried out to determine the package design that is the most resilient to failure. Findings 
from past research [64, 73, 74, 81-86] highlighted that geometric parameters can have 
significant impact on the damage driving force. Zhang et. al. [74] whom studied the 
impact of underfill fillet height of a flip chip package find that a thicker underfill height is 
beneficial in avoiding delamination at the die/underfill interface. Xie et. al. [85] studied 
the impact of substrate thickness on the vapor pressure during solder reflow and found 
that the vapor pressure of a thick and thin substrate remains about the same except at 
temperatures greater than 250˚C. Yong et. al. [86] obtained maximum stress for different 
die attach thicknesses from 3D simulations and made use of 2D model for fracture 
mechanics study. It was found that increasing die attach thicknesses will significantly 
reduce die attach stresses. Past simulations typically assumed a 2D plane strain model 
especially for linear elastic fracture mechanics study since 3D parametric analyses can be 
very time-consuming. Even when 3D finite element models are used in parametric 
analysis, the conclusions drawn is seldom compared to the ones obtained from 2D 
analysis. No detailed studies had been done to date. It is unclear as to whether geometric 
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parameters will influence the shape of the crack front or whether parametric studies 
performed by 2D models and 3D models will lead to the same conclusion.  
Comparing 2D and 3D interfacial fracture mechanics study of an IC package under 
thermal loading, their differences can be separated to 3 different categories. One is that 
for a 3D model, the global deformation is different from 2D model. 2D models are able to 
bend about one axis resulting in a parabola while 3D models are able to bend about two 
different axes resulting in a more complex deformation. Secondly, fracture mechanics 
parameters from 2D models are influenced by the edge and in 3D models they are 
influenced by both edge and corner. Thirdly, in a 2D fracture mechanics study, the 
assumed delamination is a line, which physically in 3D is equivalent to a rectangular strip, 
while in a 3D analysis it can be of any arbitrary shape that one is interested in. The 
interplay of the above differences can lead to different conclusions drawn from 2D and 
3D parametric studies. To investigate the above, several parameters are investigated and 
the energy release rate and mode mixity are calculated. 
6.2 Geometric Parameters Studied 
The dimensions of the packages (refer to Figure (6.1)) under investigation are listed 
in Table 6.1.  Package 1, 2 and 3 serve to investigate the impact of d and l while from 
Package 1, 4, and 5 the impact of h2 can be determined.  
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Fig. 6.1 Cross-sectional view of IC package under analysis 
 
Table 6.1 Geometric parameters of packages analyzed (all dimensions in mm) 
 d b l e h1 h2 
Package 1 4.485 0.965 5.45 8.55 1.345 1.5 
Package 2 7.985 0.965 8.95 8.55 1.345 1.5 
Package 3 11.485 0.965 12.45 8.55 1.345 1.5 
Package 4 4.485 0.965 5.45 8.55 1.345 1.75 
Package 5 4.485 0.965 5.45 8.55 1.345  2.0 
 
6.3 Effect of h2 on Penny-shaped Delamination 
The impact of parameter h2 is studied for a series of penny-shaped cracks at 3 
positions, namely, case 1, 4 and 6 (refer to Chapter 4). It is found that the distribution of 
ERR and mode mixity, ψ along the crack front observed for differing h2 remains the 
same (Figure (6.2)) to Figure (6.7)). Generally, when h2 increases, ERR will increase 
although the increase is not large and when h2 reach a certain thickness like in package 4, 
an increase in thickness might not lead to increase in ERR at some positions. The amount 
of increment is dependent on the position along the crack front and also on the location of 
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the penny-shaped crack. For instance, comparing package 4 and 5 of case 4, it is observed 
that the difference in ERR is very small throughout the crack front. However, comparing 
package 4 and 5 of case 1, at the region of 150˚ to 300˚, the ERR continues to increase 
with increasing h2.  As for the mode mixity, it appears that mode mixity is independent 
of h2 for the range studied. Overall, a thicker h2 will increase the risk of delamination but 
the increase in risk is minimal and will cease to exist when h2 is sufficiently thick. 
 
Fig. 6.2 Effect of h2 on ERR for a penny shape crack (case1) 
 
Increasing ERR with increasing h2 is deduced in 2D plane strain analyses [87].  This 
appears to be in-line with the conclusion drawn from 3D analysis. The increase in mode 
mixity that is present in 2D analyses for increasing h2 is absent from 3D analyses 
probably because in [87], the definition of mode mixity differs from the stress-intensity 



































Fig. 6.3 Effect of h2 on ERR for a penny shape crack (case 4) 
 
 































































Fig. 6.5 Effect of h2 on mode mixity, ψ for a penny shape crack (case 1) 
 
 























































Fig. 6.7 Effect of h2 on mode mixity, ψ for a penny shape crack (case 6) 
 
 
6.4 Effect of Geometric Parameters- d and l  
One interesting finding in 2D finite element linear fracture mechanics study is that 
parameter b is the critical parameter in the influence of ERR of a  delamination located at 
pad/encapsulant interface [83] and parameters such as d and l have negligible influence 
on the ERR. This suggests that as long as b is kept constant even though the die and pad 
size increase, the risk of delamination propagation at the pad/encapsulant delamination 































As a comparison, d and l is increased to 7.985mm and 8.95mm in package 2 and 
11.485mm and 12.45mm in package 3 while keeping b the same as package 1. 3D finite 
element models are then analyzed with a penny-shaped delamination and a corner 
delamination (concave, convex, straight). 
 
6.4.1 Penny-shaped Delamination 
It appears that for a penny shape delamination along the diagonal, increasing d and l 
will increase the ERR along the crack (Figure (6.8) to Figure (6.10)). This applies for a 
penny-shaped delamination located off the diagonal as well. The increase of ERR when 
the package size is increased is dependent on location, with locations nearer to the corner 
of the pad showing more increase.  For the analyses of mode mixity, the mode mixity for 
package 1, 2 and 3 are very similar (Figure (6.11) to Figure (6.13)). However, some 
difference in mode mixity is observed in transition zones whereby the mode mixity 
changes. Nevertheless, the general trend of distribution along the crack front remains 
when parameter d and l changes. 
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Fig. 6.8 Effect of d and l on ERR for a penny shape crack (case 1) 
 
 
































































Fig. 6.10 Effect of d and l on ERR for a penny shape crack (case 6) 
 
 






























































Fig. 6.12 Effect of d and l on mode mixity, ψ for a penny shape crack (case 4)  
 
 























































6.4.2 Corner Delamination 
The question of whether the type of delamination affects the deviation of conclusions 
drawn from 2D and 3D parametric studies arises. Hence, the above analyses are repeated 
for a corner delamination. The distribution of J-integral along the crack front of different 
corner delaminations is shown in Figure (6.14). It appears that changing d and l do not 
have significant influence on likely shape of a propagating delamination front. The ERR 
along the concave crack front is relatively constant while the ERR along the convex crack 
front show a peak at the center of the crack.  The variation of mode mixity remains the 
same for packages 2 and 3 and the difference in mode mixity exhibited by the different 
packages is within 5 degrees (Figure (6.15)).  Following the analyses presented earlier, it 
appears that the shape of propagating crack front is likely to be concave with increased 
die and pad size. 
 












0 0.2 0.4 0.6 0.8 1 
Concave (Package 1), J Convex (Package 1), J 
Straight (Package 1), J Concave (Package2), J 
Convex (Package 2), J Straight (Package 2), J 






































Fig. 6.15 Effect of d and l on mode mixity, ψ for corner delamination 
 
6.4.3 Discussion 
From 3D analyses with penny-shaped delaminations at different locations and corner 
delamination of different shapes, increasing d and l while keeping b constant will 
increase the ERR. This differs from the conclusion drawn when employing 2D finite 
element analyses. In 2D plane strain analyses, it is assumed that delamination 
propagation and bending is possible in 1 direction. The deformation of the 2D model is 
such that within length d, the package deformed into the shape of a parabola and beyond 
length d it is a straight line [88]. However, for 3D analyses, the delamination propagation 
and the bending of the model can occur in all directions resulting in a doubly-curved 
form. When the deformation occurs in all directions, d and l can have an effect on the 
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for parametric studies. This study points out that the conclusions drawn from 2D can 3D 
parametric studies may be different.  Hence, great care must be taken in the simplification 
of the problem to 2D analyses even for parametric studies. 
The cases investigated earlier involved corner delaminations or penny-shaped 
delaminations that are located near the corner of the pad. An additional case is performed 
in which the penny-shaped delamination is located at the center of border b at the 
centerline of the package as shown in Figure (6.16) (instead of the diagonal of the 
package). This is to gather more insights into the extent of the differences observed in 2D 
and 3D parametric studies.  The results are shown in Figures (6.17) and (6.18). It is 
observed that 2 local maxima are observed in the vicinity of 0˚ and 180˚ while the 
maximum ERR lies at around 180˚ which is the furthest point from the neutral axis. The 
ERR is much lower than the cases studied earlier, indicating that the delamination near 
the corner is more critical. It is also observed that in contrast to earlier simulations, the 
ERR and mode mixity of packages of different d and l are the same. This observation is 
similar to the 2D parametric analysis. The results seem to suggest that a 2D parametric 
study is able to predict the risk of delamination in the vicinity of edges more accurately as 
compared to the ones near the corners. The difference in conclusions can be due to the 
reason that for a delamination at the centerline, the changes in local deformation with 
varying dimension is more similar to the ones in 2D and the corner effect can be 
negligible since is it very far away from the mid-side of the package.    
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Fig. 6.16 Location of penny-shaped delamination along the center line of the package, a 
quarter model is shown 
 
 
Fig. 6.17 Effect of d and l on ERR for a penny-shape delamination lying along the center-




































Fig. 6.18 Effect of d and l on mode mixity, ψ for a penny-shape delamination lying along 
the center-line of the package 
 
6.5 Conclusion 
Generally, increasing h2 and package dimensions d and l is likely to aggravate the 
crack situation since the ERR increases while mode mixity remains relatively unchanged. 
The size of the die and pad (as manifested in parameters d and l) has more influence on 
the ERR as compared to the thickness (h2) of the package. From the parametric study, the 
conclusion drawn from 2D and 3D analyses can differ. A 2D parametric study suggests 
that the ERR is independent of d and l while a 3D parametric study of corner 
delamination and penny-shaped delamination near the corner of the pad suggest that ERR 
will increases with d and l.  On the other hand, the trend whereby increasing h2 will 



























that for a 3D parametric study that involves a delamination located at the centerline of the 
package, far away from the corner of the pad, similar trends are obtained as with a 2D 
parametric analysis.  
From the studies conducted, it appears that parametric studies that involve in-plane 
constraints (which can be viewed as geometric dimensions that are in the direction of the 
growing crack) can result in a difference between 2D and 3D model especially when the 
3D delamination of interest is located near the corner of the interface. Trends from 
parametric studies that concentrate on out-of-plane constraints (which can refer to 
geometric dimensions such as thickness of the package that is perpendicular to the 
direction of the growing crack) is more likely to be captured using a 2D parametric study. 
The shape and type of delamination will result in similar trends in 3D analyses, 
suggesting that the type of initial delamination assumed is unimportant in parametric 
analysis while the location of the initial delamination can result in differing conclusions. 
The above findings are important as it challenged the common notion that 2D models 
are able to predict trends concerning geometrical influence on the risk of delamination. 
2D parametric studies might be less reliable in predicting risk of delamination that 
originates from the corner of the interface which are typically points of high stress 
concentration and experience highest thermal stress since it is furthest away from the 
neutral point. This suggests that when performing a 2D parametric study, caution should 
be exercised.  
138 
Chapter 7  
 
Experimental and Numerical Study of 
Delamination Pattern in a QFN 
7.1 Introduction 
A major area of concern that involves IC packages is the delamination that occurs 
between the copper lead frame pad and the epoxy molding compound[89]. Copper is 
widely used as a leadframe due to its superior electrical and thermal conductivity but its 
adhesion to epoxy is relatively weak hence copper pad/epoxy interface is highly 
susceptible to delamination. Numerical models, typically in 2D [12, 90, 91] are often 
utilized to study the delamination problem..  
Experimental studies of IC packages interfacial delamination is often focused on the 
characterization of interfacial fracture parameters [22, 92-95] using beam-like geometries 
(like end-notch flexure test), commonly accompanied by experiments that primarily 
involve some form of mechanical testing. The results from these tests are often compared 
with 2D numerical studies. For instance, Matsumoto et. al. [95] compared the critical 
load and load-displacement curve of a 3-point bending test and concluded that the finite 
element analysis is able to predict the experimental trend. In the real problem, the 
delamination of IC packages is linked to temperature loading and the geometries of IC 
packages are more complex. It is unknown as to whether numerical methods that are able 
to predict trends under mechanical loading of beam-like geometries, are capable of 
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modeling 3D delamination initiation and propagation of an IC package under thermal 
loading conditions. 
Past research has primarily focused on the capabilities of the numerical methods to 
predict delamination by comparing inferred conclusions from numerical study to 
experimental results [2, 9]. For example, comparing the energy release rate obtained from 
VCCM for two designs, Hu et. al. [2] predicted the design that was more prone to 
delamination that corroborated well with experimental results. Although suggests that the 
approach is reasonable, the pattern and characteristics of delamination propagation 
especially in 3D has traditionally been beyond the scope of previous research. It is 
therefore useful to develop a numerical approach to explicitly simulate the delamination 
process. However, for this experimental results that report detailed evolution of 
delamination propagation driven by thermal loading appears to be lacking. To the best of 
the author’s knowledge, combined experimental-computational investigations of the 
delamination process (initiation and propagation) at pad/ encapsulant interface of IC 
packages is virtually non-existent.  
Delamination in electronics packaging due to thermal loading had been reported [9, 
96] in a handful of past research with the use of C-mode scanning acoustics microscopy 
(C-SAM), a common non-destructive technique used in the industry, but typically the 
focus has not been on detailing the pattern of delamination. The exact role of thermal 
excursion in delamination investigation using the C-SAM is convoluted, because the 
samples need to be removed from the heat source and immersed in water. This raises a 
possibility that water could also play a synergistic role in the delamination process.  
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Besides, the continually progressive delamination can be difficult to capture using such 
methodology especially during catastrophic delamination stages that are inherently 
unstable. 
With this background and motivation, this chapter describes an experimental 
approach that is designed to investigate the characteristics of delamination initiation and 
propagation of the pad/encapsulant interface of a transparent Quad Flat No Leads 
Package (QFN) in the absence of the die. Two aspects of the experimental results are in 
focus, (a) the pattern of delamination and (b) the effect of heating rate on delamination 
evolution. The experimental observations are explained through a cohesive-zone-based 
finite element approach. 
7.2 The Cohesive Zone Model  
In fracture mechanics, a delamination needs to be assumed during the analyses. 
Applications and viability of traditional fracture mechanics concepts such as ERR and 
mode mixity especially in 2D simulations have been rigorously investigated in IC 
package delamination and is established that traditional fracture mechanics is well-suited 
for study of IC packaging [4, 9, 97, 98]. However, at times it might not be clear as to at 
which location of interface delamination will first occur and it might not be apparent as to 
what kind of delamination front needs to be assumed in 3D modeling.  
The Cohesive Zone Model (CZM) has been popular among researchers as a powerful 
tool in computational fracture study. The concepts behind modern CZM were introduced 
by Dugdale [99] and Barenblatt [100] (the authors did not call their models CZM) 
independently in the 1960s who sought an approach to eliminate singularities at a crack 
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tip a pathology suffered by linear elastic fracture mechanics (LEFM). In their pioneering 
work [99, 100], CZM was used to represent different fracture processes in front of a pre-
existent crack whereby a “fictitious crack” that is able to transfer stresses from one face 
to another exists ahead of the actual crack tip. Dugdale’s work is based on voiding 
observed in sheet steel specimen from which he proposed that stresses in the material is 
limited by yield stress (which can be viewed as a CZM with rectangular softening 
function). This generates a displacement discontinuity along the crack line and is justified 
based on the flow of dislocations that exists at the crack line. On the other hand, 
Barenblatt started with traditional expressions for stresses ahead of cracks in elastic 
materials in an attempt to solve the problem of equilibrium in elastic bodies with cracks 
and found out that cohesive zone is able to relieve the crack tip singularity.  Both 
Dugdale and Barenblatt postulated the presence of a region (“fictitious crack”) of 
elevated but finite stresses ahead of the crack tip.  Hillerborg[101] focused on the 
evolution of fracture in an ideal tensile test of concrete and postulated that the initiation 
and propagation of cracks can be explained by CZM. In their work, crack can develop 
anywhere without the presence of any existing cracks. In a similar spirit, Needleman and 
Tvergaard [102] extended the CZM to one in which no initial crack needs to define by 
introducing traction-separation law at specified material planes. Since then, CZM 
transformed from a numerical tool that is used to remove singularity at the crack tip to a 
powerful tool to simulate both fracture initiation and propagation in a variety of materials 
and loading conditions.   
CZM can be viewed as an interfacial damage model with characteristics of continuum 
damage mechanics and fracture mechanics. In contrast to the traditional fracture 
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mechanics approach, no a priori defects need to be assumed in CZM and crack 
propagation can be modeled without re-meshing.  In comparison with continuum damage 
mechanics approaches as applied to fracture or decohesion which focus on modeling bulk 
material damage through the evolution of appropriate damage variables, and degradation 
where cracks are not distinctively modeled, the CZ approach treats individual cracks and 
is well-suited to model delamination at multi-material interfaces. CZM typically relate 
tractions to displacement jumps across an interface in which a delamination may occur. 
Damage initiation is associated with the peak interfacial strength and is characterized by 
the maximum traction in the traction-separation relation while the area under the traction-
separation relation is equal to the fracture toughness of the interface. When the total 
energy supplied to the system is more than the toughness of the interface the traction at 
the interface is reduced to zero and new crack surfaces are formed.  
In an idealized tensile test (Figure (7.1)), ‘state a’ refers to the stage where the 
material is deforming in a linear elastic manner, along the upward slope of the force-
displacement curve. No cohesive crack is initiated at this point. At ‘state b’ the loading 
applied is more than the maximum tensile strength of the material and the material starts 
to separate. It is at the softening region of the traction-separation curve of CZM where a 
cohesive crack is initiated. When the energy supplied is equal to the cohesive fracture 
energy of the material (Gc) (state c), a crack is propagated and new crack surfaces are 
created.   
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Fig. 7.1 Description of an idealized tensile test. Different states of the experiment on the 
experimental force-displacement curve and on the traction-separation curve (CZM) are 
shown. 
The softening curve is a part of CZM. It can be expressed as: 
        (7.1)  
 
where T is traction, δ is the separation (or the crack opening) and f is the function that 
gives rise to the softening curve.  Since the tensile strength is the stress at which the crack 
starts to open and Gc is the external energy supplied to fully break a unit surface area of 
cohesive crack, 
         (7.2)  
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 (7.3)  
where Gc is the area under the softening curve. This means that to implement CZM in 
its simplest form, two parameters - the maximum interfacial strength (  ) and fracture 
energy (Gc) are needed.  
Although many forms of traction-separation laws [103-107] are available, the 
maximum strength (or the maximum separation) and fracture energy are often regarded 
as the most important parameters in the traction-separation (T-δ) law [12, 108-110]. 
Among the different models, the bilinear law is commonly used due to simplicity. When 
Alfano [111] studied the shape of the traction-separation laws (bi-linear, trapezoidal, 
exponential, linear-parabolic laws) in simple pure-mode problem, it is found that 
trapezoidal law exhibits the worst numerical stability and the worst performance when it 
comes to convergence to exact results while the bi-linear law is the best compromise 
between computational cost and accuracy of the results. Results for a typical double 
cantilever beam test using different T-δ law correspond well with one another.  
7.3 Mixed Mode Formulation 
The problem under investigation involves delamination between two different 
materials. An interface defined by joining two dissimilar materials is usually (but not 
always) the weak link that may initiate failure by delamination. The complexity of the 
adjoining materials and the interface can give rise to a rich class of mode-mixity even 
under pure normal or shear loading conditions. Likewise, thermal loading in an IC 
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package can also result in a mixed-mode loading configuration. Thus, it is important that 
a CZM is capable of handling mixed mode characteristics.  
7.3.1 Damage Initiation Criterion 
Unlike a pure mode situation whereby the components of the tractions can be 
compared to the critical values to determine damage initiation, damage initiation in a 
mixed mode situation can occur before any of the components reach its critical value. 
Studies performed by Cui et. al. (1992) [112] indicated that the maximum stress criterion 
may not be sufficient to accurately predict experimental results and stress interactions can 
be important in predicting delamination. Therefore, under a mixed mode situation, the 
interaction among the different modes should be taken into account. Several damage 
initiation criterion are available and details can be found in [27]. In this work the 
quadratic nominal stress criterion is used for damage initiation and the validity of the 
quadratic failure criterion at the pad/encapsulant interface is supported by experimental 
results [113]. The criterion can be expressed as: 
 
 














   (7.4)  
where tn, ts and tt indicates the traction in the normal, first shear and second shear 
direction respectively, the superscript o indicates the maximum traction in each 
separation mode and the Macaulay bracket<> indicates that a compressive stress state 
does not initiate damage. 
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7.3.2 Damage Propagation Criterion 
The propagation of delamination is often formulated independently from the damage 
initiation criterion. To predict delamination propagation, it is assumed that the 
delamination will propagate when the total energy release rate G (in 3 directions) 
becomes more than the total critical energy release rate (Gc) of the material (G>Gc). 
Benzeggagh and Kenane [114] proposed the expression (B-K criterion) shown in 
equation (8.5).  
 
               




    (7.5)  
                 (7.6)  
                (7.7)  
where GI, GII, GIII are the normal, first shear and second shear strain energy release 
rates respectively, GIC, GIIC and GIIIC are the critical strain energy release rates in the 
normal, first shear and second shear direction, respectively and η is a material parameter. 
The B-K criterion is found to be more accurate for epoxy composites, suitable for cases 
where GIIC=GIIIC [21, 71, 115]. It appears that this criterion is able to satisfactorily capture 
experimental observations. The quadratic nominal stress criterion and the B-K criterion 
will be adopted in this study. 
7.4 The Traction-Separation Law and Degradation of Cohesive Bond 
Figure (7.2) shows the traction-separation (T-δ) law adopted in this work. 
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Fig. 7.2 A bi-linear traction-separation law 




           
           
 (7.8)  
where 0 < D < 1 is the damage variable indicating the amount of material degradation, 
δmax is the maximum value of the effective displacement (δeff) attained during the loading 
history, δo is indicative of the softening onset and δf is the effective displacement at 
complete failure.. The lower bound on D implies intact interface while the upper bound 
indicates its complete stiffness degradation that is concomitant with delamination.  In a 
mixed mode-ratio interface model with the consideration of the coupling of different 
modes, δo and δf can be derived from the initial damage criterion and the damage 
propagation criterion respectively while the effective displacement (δeff) can be obtained 
from equation (8.9). 
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  (7.9)  
where δn, δs and δt are the displacements in the normal, first shear and second shear 
direction. 
A linear elastic behavior of the traction-separation model is assumed prior to damage 
initiation. The relations between the nominal traction vector and the separations can be 
expressed as:   
 




   
         
         





     (7.10)  
where K is the interface stiffness matrix. For simplicity, it is assumed that the normal 
and shear tractions are decoupled. The resultant cohesive traction decreases with 
increasing damage parameter D, and is given as:  
 
    
                 
             
  (7.11)  
             (7.12)  
             (7.13)  
It can be easily observed that when D=1, the cohesive stress will be equal to zero 
which signifies that the interface is completely damaged. 
7.5 Experimental Set-up 
The QFN package employed in the current work is a relatively new package design 
that has the advantage of superior thermal performance over packages such as PQFP and 
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thin-shrink small outline package (TSSOP). This is attributed to its exposed leadframe 
pad that enhances heat dissipation. The samples were manufactured at ON 
Semiconductor [116], a supplier for energy efficient electronics using the assembly line 
and materials that are used in the manufacturing of commercial QFN packages.  The 
etched leadframe matrix is first encapsulated into molded strip then singulated to 
individual packages. The die is excluded from the packages used to enable better 
observation of the delamination progress. The sample (Figure (7.3)) consists of 
transparent molding compound and a copper alloy leadframe with dimensions as shown 
in Figure (7.4). The transparent molding enables visual tracking of the delamination 
process. 
  
Fig. 7.3 QFN sample 
The temperature loading is applied to the package from the surface with the exposed 
leadframe pad (Figure (7.4)) using a Torrey Pines Scientific Digital hotplate with 
aluminum heater top that has a maximum heating temperature of 400˚C (Figure (7.5)). 
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The hotplate is designed for 1% temperature accuracy and the set temperature can be to 
 1˚C. The temperature of the hotplate is controlled by a platinum resistance temperature 
detector (RTD) sensor embedded in the plate and supports different temperature ramp 
rates. Additionally two thermocouples are connected to the data logger to monitor the 
surface temperature in the vicinity of the package. The delamination pattern of the 
package is monitored by a Veho USB microscope that has a two mega pixel CMOS lens 
and is designed for up to 400 times magnification.  
 
Fig. 7.4 Dimensions of the QFN sample (in mm) 
To ensure that the pattern that is observed visually from the universal serial bus (USB) 
microscope is indeed a delamination, several packages were cross-sectioned and studied 
under an optical microscope for delamination after the temperature induced delamination 
experiment. Figure (7.6) shows the comparison between the observed delamination under 
the USB microscope and the selected cross-sectioned results. Through several such 
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corroborations, we confirm that when delamination is observed visually in the USB 
microscope, delamination is also observed in the cross-sectioned specimens. 
 
 







Fig. 7.6 USB microscopic observation of delamination comparing with cross-sectioning 
results observed under magnification of 10 times and 20 times (a) A package with partial 
delamination (b) A package with complete delamination 
7.6 Three-dimensional modeling 
Our experimental observations in section 8.5 unequivocally confirm that the interface 
in the QFN package is the most susceptible location for damage. It means that the 
interface is weaker than the individual materials that it joins. Therefore, the interface is 
modeled using cohesive surface interaction within ABAQUS/STANDARD (Figure (7.7)). 
A quarter model with symmetry boundary conditions is assumed (refer to Figure (7.7)). 
The package temperature is assumed to be uniform and at the temperature of the hotplate. 
The properties of the leadframe pad (Wieland) and the epoxy molding compound (Nitto 
Denko) are provided by the manufacturer and shown in Table (7.1). The fracture energy 
is taken to be 0.35 J/m
2
 since the energy release rate along the crack front for the 
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(Appendix C). The interfacial strength and stiffness are assumed to be 46.5 
kPa and 50 kN/mm
3
 respectively with the exception that the interfacial strength in mode I 
is assumed equal to 2 kPa. Delamination is assumed to have occurred when D reaches 
0.85. The ratio of the stabilization factor and the pseudo-time at maximum load is kept at 
0.25 [117]. 
 
Fig. 7.7 (a) Quarter model used in numerical simulation of QFN (b) Cohesive surface 
assigned in the numerical model 
Table 7.1 Mechanical Properties of QFN 
Component Leadframe Molding Compound 
Material Copper Epoxy 
Elastic Modulus (GPa) 123 0.01 




7.6.1 Comparison with Experimental results 
The experimental results in Figure (7.8) indicate that the delamination initiates in the 
vicinity of the slots (that exist to ensure mold locking and to act as a cavity to limit die 
attach (or adhesive) overflow) due to the stress concentration that exists in the vicinity of 
the slots. Further, following delamination initiation at the vicinity of the slots, the 
delamination fronts form a concave shape (Figure (7.8)). At initial stages of delamination 
propagation, the evolution in the vicinity of each of the four slots is nearly independent of 
each other. However as shown in detail in Figure (7.8), beyond a critical size of the 
individual areas they coalesce resulting in complete delamination a short range of 
temperature increase. The delamination progress is initially stable, but transitions to 
become unstable growth when the delamination reaches approximately 40% of the total 
area (i.e. when the temperature reaches ~250˚C).  
As shown in Figure (7.8), the numerical model is captures some of features observed 
in the experiments. They predict that the delamination originates at the slots and form 
concave delamination fronts, which subsequently coalesce.  In Figure (7.9), it is 
interesting to note that the qualitative and quantitative trends of the delamination progress 
from the simulations compare reasonably with the experiments, especially up to ~ 250
o
 C. 
There are a few differences in the numerical result compared with experiments. Firstly, 
while the predictions show delamination at the edges, these are not visible in the 
experiments. Secondly, in experiments, the delamination pattern becomes asymmetric at 
~ 250˚C while the simulations predict a symmetric owing to imposed symmetry boundary 
conditions. Finally, experiments show catastrophic delamination immediately after ~ 
250
o
 C, which is not predicted by the simulations. We posit that apart from the fact that 
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once crack fronts have sufficiently progressed into the sample, they start interacting, 
experimental results are also influenced by multitude of factors such as non-uniformity of 
the strength and toughness of the interface, environmental perturbations, non-coplanarity 
of the samples and so on, and this may cause such a catastrophic trigger. . While the 
former is in-principle captured in the numerical simulations, the latter are not taken into 
account in the numerical simulation. These may cause a source of discrepancy between 
the experiments and simulations. Notwithstanding some of the disparities in the finer 
details, the present simulations provide reasonable corroboration with experiments over a 
substantial temperature range. This also suggests that the values chosen for the 
constituent parameters are reasonable, although certainly not unique.  
 
Fig. 7.8 Progression of delamination pattern (a) Experimental results, lighter shade 
indicates delaminated area (b)Numerical results, grey region indicates delaminated area. 
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Fig. 7.9 Percentage of delamination area (%) with increase in temperature. Comparison 
between experimental and numerical results 
 
To increase the confidence in the numerical model and the values chosen in the 
analyses, we proceed to validate the potential of the approach by creating additional 
samples of a different geometry (Sample A). It is emphasized that the objective is to 
validate the capability of the current model to simulate the delamination process in other 
geometries. Sample A is created by drilling a hole of radius 0.5mm at the center of the 
reference package. The resulted sample is shown in Figure (7.10). Numerical and 
experimental studies are performed using the same set-up and conditions as described in 
section 7.5 and 7.6. The results are shown in Figure (7.10). 
Similar to the reference sample, the location of delamination and the subsequent 
pattern of propagation are accurately predicted by the numerical model. Again, for both 
the experimental and numerical model, the delaminations first occur in the vicinity of the 
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slots and coalesce as the size of delamination increases. Asymmetrical delamination is 





Fig. 7.10 Progression of delamination of Sample A (a) Experimental results, lighter shade 





Fig. 7.11 Percentage of delamination area (%) with increase in temperature: experimental 
vs numerical results for Sample A 
 
Similar to the reference sample, a minor difference between the numerical and 
experimental results is that delamination is observed at the edge of the package in the 
simulation but it is not observed in the experimental. A reason for this can be that in the 
actual package, the edges of the leadframe are jagged. Jagged edges increases mechanical 
inter-locking and lead to an increase in the strength of the interface [118, 119] as 
compared to the relatively smoother flat surface on the top surface of the leadframe away 
from the edges.  It is observed that the correlation between the experimental and 
simulation results for sample A is closed to the experimental model for delamination area 
between 20% to 60%  Figure (7.11). 
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7.7 Rate-Dependent Delamination Initiation and Propagation 
Time-dependent behavior of polymers with focus on the viscoelastic constitutive 
behavior of polymers is often discussed in the literature [98, 120]. Polymers used in IC 
packaging often exhibit time and temperature dependent behavior depending on the 
loading conditions. For instance, Yang [121] studied the cure-dependent viscoelastic 
constitutive relations for thermosets and found that the model developed is able to predict 
warpage in experiments. Hu [98] investigated the effect of mechanical loading rate on 
delamination of the pad/molding compound interface at different temperatures using end-
notched flexure specimen. Since delamination phenomena is sensitive to temperature and 
mechanical loading rate, there lies a possibility that delamination can exhibit heating rate 
dependent behavior. Also, an increased understanding in heating rate-dependent behavior 
can help in the optimization of manufacturing processes such as the solder reflow process, 
since the process consist of stages where temperature is ramped up and the rate of 
ramping can be controlled. Given that thermal loading contributes significantly to 
delamination especially during the manufacturing process, it is important to understand 
the delamination characteristics under temperature loading.  In this section, we 
particularly focus on the role that the rate of temperature increase      plays in the local 
and global delamination characteristics. To that end, we subjected the QFN packages to 
the same thermal excursion starting at room temperature and raising it up to 290˚C, but at 
three different rates:              (slow),             (medium) and    
         (fast). The experimental results are first discussed followed by the numerical 
aspects later.  
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Figure (7.12) shows the typical sets of experimentally observed delamination 
progress for three different (thermal) loading rates. Several interesting features pertaining 
to delamination progress are observed in the figure. The location of delamination 
initiation and the qualitative pattern of evolution are nearly identical for the heating rates. 
In a quantitative sense (Figure (7.13)), the initial delamination progress (up to 235˚C) 
appears to be weakly dependent on   . However, it appears to be much more strongly 
dependent on at higher temperatures (or when the delamination is larger).  
 
Fig. 7.12 Delamination initiation and propagation at different heating rates. (a) 




Fig. 7.13 Percentage of delamination area (%) with increase in temperature at different 
heating rate 
 
There are hardly any reports on the thermal loading rate dependent delamination 
growth in IC packages. The other work that gives an indication of heating rate 
dependency delamination can be found in the work by  Huang [122] in which the impact 
of solder reflow profile on the amount of delamination is investigated. Using C-SAM and 
focusing on the die attach interface delamination at the end of solder reflow, he observed 
that the amount of delamination at a higher ramping rate in a solder reflow profile is 
higher than at a lower ramping rate for PQFP and thin quad flat pack (TQFP).  
7.7.1 Rate effects in numerical simulation 
The experimental data in the previous section clearly capture thermal loading rate-
dependent delamination propagation and it is imperative to investigate the origins of this 
behavior. In the experiment, the observed rate effect may arise due to several reasons, for 
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example, thermal conductance characteristics of the bulk materials, time/temperature 
dependent behavior of the bulk materials and/or time/temperature dependent failure 
response of the interface.  While it is likely that these and some other unknown factors 
may play roles in tandem, we investigate their roles independently in order to arrive at a 
simple, yet plausible explanation. Before investigating the physics behind the thermal 
loading rate dependent delamination, the likely spurious effects that may arise from the 
numerics of the problem are first addressed. Non-physical parameters such as 
stabilization factor (for viscous regularization damping), time step or mesh size can have 
an impact on the delamination propagation. A detailed investigation is performed to 
ensure that non-physical effects do not affect the results and some of the key results are 
highlighted in Appendix D. As for the first possible physical origin, the heat transfer from 
the copper leadframe to the epoxy molding compound through the interface could result 
in a rate-dependent response given the inherent temporal nature of thermal conduction. 
However, in the QFN package, the structural dimensions are so small that effectively the 
rate of temperature increase result in a nearly rate-independent behavior thereby 
eliminating the likelihood of this factor governing the thermal loading rate dependent 
delamination (Appendix E). Another origin of such a behavior is the visco-elastic 
response of the constituents (viscoplastic response may be also important for the epoxy 
and interface, but is not addressed here). However, as discussed in Appendix F even the 
viscoelastic assumption for the epoxy does not account for the experimentally observed 
characteristics in Figure (7.12) and Figure (7.13). 
The final possibility is that the interface itself generates a response that depends on 
the rate of heating. In other words, we posit that the overall traction-separation behavior 
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of the interface degrades with both temperature as well as its rate. In particular, we 
conjecture that at an elevated temperature, the degradation of the interface at a higher 
heating rate is more severe compared to the amount of degradation when the heating rate 
is slower.  
 
Fig. 7.14 Variation of rate-dependent CZM with respect to temperature and heating rate 
where θ1<θ2 and         
 
The degradation of the interface with increasing temperature and heating rate can 
manifest in several different forms (Figure (7.14)). It was shown that the most important 
parameters for CZM are the cohesive strength and the material toughness [123].  At high 
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temperature, both the strength and the toughness of the interface might decrease and in 
the proposed thermal rate dependent CZM, a higher rate of heating is assumed to 
exacerbate the degradation of the strength and toughness of the interface. This type of 
behavior is characterized by the CZM shown in Figure (7.14) and named as Type (a). In 
the next situation (refer to Figure (7.14), Type (b)), the strength of the interface is 
constant with respect to temperature while the toughness of the interface decreases with 
temperature, indicating that only the amount of energy dissipated within the cohesive 
zone prior to failure decreases with increasing temperature and heating rate. In the last 
situation (Type (c)), the strength of the interface decreases when the temperature is 
increased while the toughness remains the same with temperature. Type (c) suggests that 
the interface becomes weaker and more ductile with increasing temperature and 
increasingly so if the rate of heating is higher. 
7.7.2 The numerical model 
Our objective was to investigate the possible origins and from there, capture 
experimental trends of the thermal rate dependence in delamination. Therefore, from a 
computational efficiency viewpoint we assumed a two-dimensional plane-strain 
comprising a copper-epoxy layup with an interface modeled as a cohesive surface (Figure 
(7.15)) as an approximation of the actual scenario. A quasi-static analysis is performed 
and the temperature is assumed to be uniform throughout the model and equal to the 
hotplate temperature. Table (7.1) and Table (7.2) give the bulk material properties and the 
parameters for heating rate dependent CZM. The interfacial strength and toughness at 
150˚C (T150 and G150 respectively), the molding temperature is arbitrarily chosen to be the 
pristine CZM prior to degradation due to increasing temperature and heating rate.  To 
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circumvent the convergence issues stemming from precipitous degradation of the 
interface, a viscous stabilization scheme [27] is employed. The ratio of the stabilization 
factor and the pseudo-time at maximum load is kept at 0.225, the stabilization factor is 
determined through trial-and-error [27]. 
 
Fig. 7.15 Dimensions of the numerical model (not drawn to scale). All dimensions in mm. 
 
Table 7.2 Heating rate dependent CZM parameters 
 Gc/ G150 To/ T150        
Fast (a) 0.50 0.5 1 
Slow (a) 0.75 0.75 0.5 
Fast (b) 0.50 1 1 
Slow (b) 0.75 1 0.5 
Fast (c) 1 0.5 1 
Slow (c) 1 0.75 0.5 
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7.7.3 Results and Discussion 
Figure (7.16) shows the progression of delamination as a function of temperature and 
thermal loading rate. Interestingly, only the type (a) and type (c) CZM mimic the 
experimentally observed response. In other words, a thermal loading rate dependent 
delamination is expected to occur only if the interface strength degrades as a function of 
   and θ. If the loss of toughness is solely due to the interface becoming brittle, but not 
weaker (type (b)) then the response is rate-independent. Similarly, comparing the results 
from Fast (a) and Fast (c) (correspondingly Slow (a) and Slow (c)) where the peak 
traction is kept the same, the results obtained are identical. On the other hand, when the 
toughness is kept the same (in Fast (a) and Fast (b) and in Slow (a) and Slow (b)), Fast (a) 
with a lower peak traction predicts faster delamination propagation than Fast (b). These 
observations suggest that the peak traction is a critical parameter rather than the 
toughness.  
The delamination is initiated at around the same temperature, 220˚C and 225˚C for 
simulation and experiment respectively. While the simulations reproduce the trend the 
evolution is significantly slower in the simulation than in experiments.  This difference 
may be due to several factors. First, the dimension of the problem analyzed here is a 2D 
idealization of the actual system. A full-scale three-dimensional CZM for such a problem 
is computationally expensive.  Second, in the finite element simulations a stabilization 
factor is imperative for successful numerical solution of the delamination propagation. 
For a sensible comparison among the different models the ratio of the stabilization factor 
and the pseudo-time at maximum load was kept constant. This stabilization factor could 
also influence the results such that a runaway propagation behavior may not being 
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captured. We tried modifying this parameter, but significantly decreasing the factor led to 
severe convergence issues especially with increasing temperature.  
Notwithstanding these limitations, the simple two-dimensional finite element 
approach with thermal-rate dependent CZM is able to capture the qualitative 
delamination behavior as a function of thermal rate. An important conclusion is that the 
peak interface traction is more critical than the interfacial toughness. This indicates that 
for interface reliability (against delamination), particularly under thermal excursions, the 
focus should on ensuring an interface whose strength does not degrade with increasing 





































































































Fig. 7.16 Results obtained from heating rate dependent CZM. (a) Type a (b) Type b (c) 
Type c (d) Comparing Type a and Type b  
 
7.8 Conclusion 
The delamination pattern at the pad/encapsulant interface of a QFN under thermal 
loading is studied experimentally and numerically. The three-dimensional numerical 
model is able to capture the experimentally observed delamination pattern satisfactorily. 
For both the three-dimensional model and the simplified two-dimensional model, it is 
observed that CZM is able to capture the stable stages of delamination propagation better 
than the final stages where fast, unstable delamination propagation takes place. This 
section also provides an experimental evidence of the dependence of delamination 
initiation and propagation on heating rate. Through finite element simulations, a plausible 


































increasing temperature and heating rate. The results suggest that a lower heating rate can 
be favorable in delaying catastrophic delamination. The numerical calculations show that 
the effect of temperature and heating rate on the peak traction at the interface is a critical 
parameter in determining the interfacial delamination evolution. This indicates that for a 
more reliable interface (against delamination), particularly under thermal excursions, the 
focus should on ensuring an interface whose strength does not degrade with increasing 
heating rate (and temperature). 
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The main aim of this work is to further the knowledge and understanding on the 
phenomenon of delamination at the pad/encapsulant interface of microelectronics 
packages. With increased understanding, physical observations can be modeled more 
accurately leading to more reliable prediction of reliability of IC packages.  
The first part of the work (Chapter 3) undertook a more conventional approach 
towards delamination modeling in order to clarify issues such as the impact of die edge, 
thickness of die attach and multiple delaminations at the pad/encapsulant interface. 2D 
models were built and adopting the fracture mechanics approach, some interesting 
findings were derived. It was found that the die edge will only result in a spike in ERR 
when a long edge delamination is assumed. The die edge has negligible influence on 
delamination that does not originate from the edge of the pad and on multiple 
delaminations. Although the die attach is very thin and separated from the interface by 
the pad hence at times being neglected, it has an impact on delamination at the 




 delamination will always aggravate 
the crack situation at all crack tips due to amplification of ERR. In all the cases studied, 
an edge crack will result in the highest ERR.   
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The second part of the work (Chapter 4 to 6) extended the 2D study into 3D analyses. 
3D analysis using fracture mechanics concepts is a relatively unexplored area for 
delamination modeling in IC packages. MVCCM which was originally developed for 2D 
models was extended to 3D models and good agreements with theoretical results were 
obtained. A systematic approach was suggested in the study of penny-shaped 
delamination (Chapter 4) and the characteristics of the variation of fracture mechanics 
parameters along the crack front for delamination at different locations were discussed. It 
was concluded that a penny-shaped delamination is unlikely to remain as a penny-shape 
after propagation. Very likely, propagation will first take place at the diagonal nearer to 
the corner of the pad. For the analysis on 3D corner delaminations (Chapter 5), it is 
postulated that for a small propagating pad/encapsulant delamination in a PQFP, the 
crack front is most likely to be concave. The likelihood of a propagating crack to deviate 
from a concave shape is higher for a corner delamination located at an open corner as 
compared to an embedded corner. Deductions from simulations were compared with 
experimental results and satisfactory agreements had been observed. It was unexpected 
that the likely shape of the crack front can be deduced by studying the variation of 
fracture mechanics parameters along the crack front. Chapter 6 engaged in a geometrical 
parametric study of 3D models. In contrast to beliefs that 2D geometrical parametric 
studies are sufficient to predict the effect of geometrical parameters on the resistance of 
package against delamination, the results highlighted that 3D studies can lead to different 
conclusions from 2D analyses. This suggests that caution needs to be exercised in the 
simplification of the delamination problem into 2D models in parametric studies. 
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It is desirable if both the initiation and propagation of delamination can be observed 
in experiments and the delamination pattern can be explicitly simulated. In the third part 
of this work (Chapter 7), the progressive delamination pattern under thermal loading of a 
QFN package was captured. Good agreement between numerical and experimental 
results was obtained. The capability of the CZM to model the 3D delamination pattern at 
the pad/encapsulant interface under thermal loading in an IC packages had not been 
assessed prior to this work. The heating rate dependent CZM proposed was demonstrated 
to be capable of capturing the experimental heating rate effect. Together, the findings 
enable a more accurate numerical description of the physical interfacial delamination of 
IC packages under thermal loading.   
From the second and third part of the work, even though different approaches 
(experimental, fracture mechanics concepts and cohesive zone modeling) were adopted, 
the results appear to be consistent. For a delamination at the pad/encapsulant interface (in 
a QFN and PQFP) or at the passivation/underfill interface with embedded corners, the 
propagating delamination displayed a concave delamination front. 
8.2 Suggestions for further studies 
As computational capability increases, it is likely that the trend towards 3D 
delamination modeling will persist. To give more insights to and for more accurate 
prediction of delamination using the fracture mechanics approach, the experimental 
methods for accurate measurements of pure mode III fracture toughness and its variation 
with respect to the other modes can be a subject of further investigation. It is shown that 
2D and 3D geometrical parametric studies can lead to different conclusions for a PQFP. 
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It will be useful if similar analysis can be performed on other packages to give more 
insights on the extent of the differences between 2D and 3D modeling. 
CZM is shown to be a potential methodology to simulate delamination under thermal 
loading. However, 3D simulations of interfacial delaminations using CZM for practical 
application is still at its infancy. More combination of materials and geometries can be 
studied to assess the viability of CZM in modeling their failure behavior. The degradation 
of interfacial strengths due to the ingress of moisture can also be incorporated to the 
CZM. Although CZM might seem to have great potential in simulating fracture behavior, 
the dependence of results on mesh size means that significant computational time and 
memory are needed when 3D simulations are performed.  When more demanding 
material behavior such as visco-elasticity or plasticity is introduced or when the 
application involved is more complicated, the demand on computational power can 
render certain problems impractical to solve using CZM. Hence, it is desirable if more 
efficient implementation of CZM can be developed.       
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Appendix A: Comparison between approximate solution and numerical integration 
Since          , the respective values of ε is plotted in Figure (A.1). For the 
range of ε investigated, it appears that the approximation is closed to the results obtained 
by numerical integration. 
 
Fig. A. 1 Variation of bimaterial constant, ε with respect to β  
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Fig. A. 2 Comparison of integral values obtained from equation (2.72) to (2.74) with 
values obtained from numerical integration. ∆=5.0E-07and l=5.0E-04 
 
Fig. A. 3 Comparison of integral values obtained from equation (2.72) to (2.74) with 




























































Appendix B: Material Properties of PQFP 
Table B. 1 Material Properties of PQFP 
Component 
Encapsulant Leadframe Chip Die attach 
Material 
Epoxy Copper Silicon Polymer 
Poisson’s Ratio 0.25/0.37* 0.35 0.25 0.32 
Young’s Modulus 
(GPa) 
12.25/1.23* 115 165.5 0.255 
Coeff. of Thermal 
Expansion (ppm/K) 
17/68** 17 2.3 75 











Appendix C: Fracture Toughness of the QFN Package 
Experimental Procedure 
The QFN is first subjected to temperature loading (using the set-up presented in 
Section 7.5) up to the point where delamination is initiated (Figure C.1). The delaminated 
package is removed from the hotplate and the package is cooled down to temperature. 
After cooling down, the delaminated package is placed on the hotplate and the 
temperature is increased until propagation of the delaminations take place and the 
average temperature is recorded as 246˚C. 
 
Fig. C. 1 QFN package with initial delamination 
Numerical model 
The numerical model of the QFN with an initial delamination similar to that observed 
in experiment is constructed. A quarter model is analyzed due to symmetry (Figure C.2). 
The stress-free temperature is assumed to be 150˚C (molding temperature) and the 
temperature loading is at 246˚C. The J-integral obtained is shown in Figure C.3 with the 
position as illustrated in Figure C.4.  
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Fig. C. 2 Quarter model used in the calculation of fracture toughness 
 
 






























Fig. C. 4 Plan view of the pad 
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Appendix D: Effect of non-physical parameters 
Non-physical parameters can affect the simulation results. Since the ultimate aim of 
numerical analyses is typically to predict actual physical behavior, it is important to 
isolate and eliminate the influence of non-physical behavior on the results obtained from 
the simulations. The mesh size and the stabilization factor are addressed in this section. 
Stabilization factor 
The viscous stabilization implemented in Abaqus improves the rate of convergence of 
the simulation. It can be viewed as a numerical method to circumvent convergence 
difficulties.  When the stabilization parameter is sufficiently small, accuracy of results is 
ensured. Otherwise, toughening of material response will be observed. This suggests that 
the stabilization factor can have an effect on the results. For more information on the 
viscous stabilization scheme, the reader can refer to [27, 124]. The aim of the chapter is 
to offer a methodology to simulate experimentally observed behavior and it is important 
if the stabilization factor does not affect the trend between different heating rates. 
The matrix of parameters presented in Table D.1 is analysed using the model 
presented earlier in section 7.7.2, ρ is the stabilization factor while tf is the pseudo-time at 
maximum load.  The material and interfacial properties can be found in section 8.6. The 
results (Figure D.1) show that ρ/tf (instead of ρ) needs to be kept constant to eliminate the 
impact of viscous stabilization. 
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Table D. 2 Parameters of the study on stabilization factor 
 Model 1 Model 2 Model 3 
ρ 40 80 80 
ρ/tf 0.067 0.067 0.133 
 
 
Fig. D. 1 Effect of stabilization factor 
 
Mesh Size 
Mesh can have an effect on the results. To ensure that the mesh used is sufficiently 

































fast(b) found in section 8.7.2. The ρ/tf ratio is kept at 0.208. The results (Figure D.2) 
show that Mesh 1 (Table D.2) is sufficiently fine for the problem. Mesh 1 is used in the 
analyses presented in the chapter.   
Table D. 3 Attributes of mesh at the interface for heating rate dependent CZM 
Mesh (element length at 
interface, in m) 
No. of elements 
Mesh 1 (1.0E-5) 215 
Mesh 2 (1.2E-5) 179 
Mesh 3 (1.4E-5) 154 
 
 




































Appendix E: Transient Analysis of QFN package 
Since the difference in the rate of delamination initiation and propagation is due to 
different heating rate, one possibility is that the observation is attributed to the non-
uniform temperature within the package between 2 different heating rates. Hence, 
temperature-displacement analyses were performed with 2 different heating rates and the 
temperature distribution and the amount of delamination were compared.  
The model with dimensions identical to that presented in the chapter was subjected to 
a changing temperature boundary condition at the bottom of the geometry depicting the 
changing temperature of the hotplate. The material and interfacial properties can be found 
in section 8.6. The boundary is subjected to convective heat transfer indicating natural 
convection heat loss to the environment. The material properties of the heat transfer 
analysis are shown in Table E.1. 
Table E. 1 Thermal properties of the constituents of QFN packages 
Component Leadframe Molding Compound 
Material Copper Epoxy 
Thernal Conductivity(W/mK) 280 0.8 
Density (kg/m
3
) 8780 1210 
Specific Heat (J/kgK) 385 1052 
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It is observed that the delamination lengths at different temperature predicted in slow 
and fast heating rates are the same (Figure E.1). Plotting the temperature at the perimeter 
of the package, it is clear that the temperature for the fast and slow heating rates is 
approximately the same. 
 
Fig. E. 1 Results of 2D plane-strain temperature-displacement analyses 
 
Repeating the analyses for a 3D model (refer to Figure E.2), a similar trend is 
observed (Figure E.3 and Figure E.4). When plotting the percentage area of delamination 
over the temperature of the hotplate, the fast and slow analysis predicts the same results 
(Figure E.3). The temperature at 2 nodes on the perimeter of the molding compound is 
plotted and their temperature is very similar. This showed that 2D and 3D gave the same 
































































Node 652 (Fast) 
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heating and concluded that non uniform temperature distribution within the package is 
unable to account for the experimental trend. 
 
Fig. E. 2 3D numerical model for temperature-displacement analysis (a quarter is shown) 
 
















































































Fig. E. 4 Delamination pattern of 3D temperature-displacement analyses comparing fast 
and slow heating rate. Grey area depicts delaminated area. 
.  
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Appendix F: The issue of viscoelasticity 
Many works studied viscoelasticity in IC packages [62, 98, 121, 125-128], typically 
based on the argument that over the glass transition temperature the modulus of the 
polymer involved is both time-dependent and temperature-dependent. Intuitively, the rate 
effect observed in the propagation of delamination can be due to viscoelasticity given that 
delamination is attributed to thermal load. Hence, an investigation was performed to 
study the impact of visco-elastic on the rate of delamination initiation and propagation.  
Looking at the experimental conditions and physical observations, the temperature at 
which the delamination occurred is in the range of 200˚C to 250˚C. At the range of 
temperature the epoxy molding compound is well above its glass transition temperature 
of 95˚C. At temperature well above the glass transition temperature, the modulus of the 
epoxy molding compound is in the rubbery regime. A typical modulus vs. temperature 
curve can be found in Figure F.1.  For an epoxy molding compound which is a thermoset, 
the flow regime will be absent. Instead, it can be observed that the modulus remains 
constant at a relatively high temperature.  
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Fig. F. 1 Typical modulus vs. temperature plot for polymers showing 4 regimes, adapted 
from [129] 
 
Background of viscoelasticity 
Within the viscoelastic regime, it is found that the modulus at a particular temperature 
T1 can be related to the modulus at another temperature T2 by a change in time scale. The 
time-temperature equivalence may be expressed as: 
 
          
 
  
     
 




      
           
           
 
 
where Tref is the reference temperature, C1 and C2 are constants which values are 
dependent on the choice of Tref. 
Another equation that is popular for time-temperature superposition is the Arrhenius 
equation: 
 
        
 
    
 
 
where A and B are constants, TABS is the absolute temperature. 
The Prony series is often used to describe the viscoelastic behavior of the polymer 
due to convenience and numerical efficiency. The modulus of the material described by 
Prony series has the form: 
 
            
     
 
   
 
 
With the Prony series and the time-temperature correspondence, one can construct the 
modulus vs. time curve.Numerical Analyses 
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To give more confidence, similar finite element analyses as those presented in the 
chapter were performed and the results are presented in Figure F.2. Here, the molding 
compound is treated as a visco-elastic material with properties in the form of Prony series 
and WLF equation found in Yang (2007)[121]. A rate independent bi-linear TSL is used 








respectively.  The       ratio is kept at for molding compound F65, F50, F40 and F00 
respectively. The ηI chosen is the minimum require for the simulation to complete 
through trial and error. A total of 4 types of molding compound with different filler 
contents were analyzed. Simulations showed that the delamination predicted by the 
numerical model with a visco-elastic molding compound but rate independent cohesive 
zone modeling is not rate dependent. This leads to the conclusion that viscoelastic 
behavior of the bulk epoxy molding compound is unlikely to capture the heating rate 
dependent delamination propagation observed in the experiment. 
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Fig. F. 2 Length of delamination vs. temperature with visco-elastic properties of the 
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